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The only constant in life is change. This famous quote of the Greek philosopher Heraclitus (530-
470 BC) stems from his observations of the natural world, where he saw everything constantly 
shifting, changing, and becoming something other than it was before. Panta rhei concluded the 
Greek philosopher, life is a flux. This thesis was inspired by ecological changes, in particular by 
one of the largest changes during the last centuries: the human-aided introduction of species to 
ecosystems around the globe. 
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Biological invasions 
Alien species are organisms not naturally present in native communities, but which have been 
moved beyond the limits of their native geographical ranges by human activities (Blackburn et 
al., 2011, 2014). These human-aided introductions present one of the greatest threats to 
biodiversity and ecological communities worldwide (Elton, 1958; Vitousek et al., 1996; Mack et 
al., 2000). Species introductions can be intentional as often is the case for species which are 
cultured or managed, such as crops, life stock and shellfish. However, many introductions also 
occur accidentally, for example via species hitchhiking on transport vectors (e.g. organisms in 
ship ballast water or seeds on outdoor equipment). 
Once organisms are entrained in a vector they must overcome various barriers at 
different stages of an invasion process (transport, introduction, establishment and spread) before 
they become invasive (Kolar and Lodge, 2001; Blackburn et al., 2011; Fig. 1.1). As the entire 
invasion process involves the survival of at least six of these barriers (Blackburn et al., 2011; Fig. 
1.1), only about 10% of introduced species will eventually become invasive and establish self-
sustaining populations in the introduced range (Kolar and Lodge, 2001).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1 The invasion process of an introduced species in four stages (represented by grey boxes; after 
Blackburn et al., 2011). I) Organisms must survive the vector transport to overcome geographical barriers 
to reach the introduced range. II) Some organisms must escape captivity or culture settings to be released 
into the new environment, while unintentionally introduced organisms skip this barrier. III) The survival 
and propagule pressure (number of released organisms) must be high enough and environmental 
conditions suitable to establish a successfully reproducing population. IV) The population of the introduced 
species must overcome dispersal and environmental barriers to successfully spread and becoming 
invasive. Invasion barriers are illustrated with black dotted lines. Green arrows and lines represent a 
successful invasion process, while red arrows represent invasion failures.  
 
To start the invasion process, a species must survive the vector transport stage to cross 
geographical barriers and become introduced in the new environment (see stage I in Fig. 1.1). 
Species that are intentionally introduced, must escape captivity and culture settings to be  
released into the new ecosystem (see II in Fig. 1.1). The number of released individuals, also 
known as the propagule pressure (Blackburn et al., 2014), and their survival must be high enough 
General introduction 
4 
to establish a reproducing population in the introduced range (Kolar and Lodge, 2001; Simberloff, 
2009; see III in Fig. 1.1). Once this is the case and the introduced species becomes established, 
barriers to dispersal need to be overcome before the species can spread into new areas away 
from the point of introduction (see IV in Fig. 1.1). The further the species spreads, the more 
dissimilar these locations become and the wider the range of biological interactions and 
environmental conditions it encounters (Blackburn et al., 2011). At this point, the progression 
from introduced to invasive species often involves a lag phase, followed by a phase of exponential 
increase until the species encounters ecological, physical or spatial boundaries that cause a limit 
to population growth rates and population sizes and in some cases even a strong decline and 
eventual a late invasion failure (so-called ‘boom and bust dynamics’; Mack et al., 2000; Blackburn 
et al., 2011; see IV in Fig. 1.1).  
 
Invasions and species interactions  
For ecologists and evolutionary biologists, this fourth phase in the invasion process (the spread 
in the introduced range) is particularly interesting, as introduced organisms establish novel 
biological interactions with native species and are subject to different environmental constraints. 
Therefore, biological invasions offer a unique opportunity to observe ecological and evolutionary 
processes across large spatial and temporal scales, processes which are often difficult or unethical 
to study in experiments with native species (Sax et al., 2007).   
Classically, biological invasions have mostly been used to study competitive or trophic 
(typically predator-prey) interactions between invasive and resident species (Fig. 1.2), and the 
resulting impacts on native communities. By using biological invasions as ‘experiments in nature’ 
in this context, researchers already came to the insight that competition, unlike predation, seldom 
causes global extinction of native populations (reviewed by Sax et al., 2007).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.2 Schematic illustration of a native interaction web, which involves five native host species (white 
semicircles) before the arrival of an invasive species (pre-invasion). This web grows in complexity after the 
establishment of invasive species (grey semicircles), by increasing the number of interactions between 
native and invasive species. 
 
For the most common consumer strategy in the world, the parasitic mode of life, these 
‘experiments in nature’ may involve the addition and removal of parasite and host species, 
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allowing to study the establishment of novel parasite-host interactions, and the performance of 
host and parasite populations along evolutionary time scales (Lafferty et al., 2005). In this 
context, especially the absence of parasites during species invasions gained attention in the 
literature, as it has been hypothesized that the loss of parasites during the invasion process gives 
invaders a potential competitive advantage over native species, contributing to their invasion 
success (enemy release hypothesis; Keane and Crawley, 2002; Torchin et al., 2002, 2003; Mitchell 
and Power, 2003; Torchin and Mitchell, 2004; Blakeslee et al., 2013; for more details see next 
section). However, recent empirical studies and novel conceptual ideas have identified additional 
ways of how invasive species can affect parasite-host interactions in invaded ecosystems beyond 
an initial parasite release. The various underlying mechanisms add another layer to the species 
interaction webs in invaded ecosystems and are introduced in the following.  
 
Invasions and parasite-host interactions 
As mentioned above, the successful spread of invasive species (see phase IV in Fig. 1.1) is often 
attributed to the loss of all or part of their native parasites during the invasion process, leading 
to potential competitive advantages of invaders over native species (enemy release hypothesis; 
Keane and Crawley, 2002; Torchin et al., 2002, 2003; Mitchell and Power, 2003; Torchin and 
Mitchell, 2004; Blakeslee et al., 2013). Parasite species can be lost during the invasion process, as 
these organisms must overcome similar barriers as their invasive host species (see Fig. 1.1), 
reducing the chance that parasites successfully co-invade with their hosts in the new ecosystem 
(Colautti et al., 2004). This loss can result in a competitive advantage when an invasive host is 
negatively affected by its parasites in the native range, so that a loss or reduction in parasite 
infections in its new range results in a direct fitness increase for the invasive host (regulatory 
release; Colautti et al., 2004). Additionally, the loss or reduction of parasite species may release 
resources otherwise invested in parasite defence mechanisms, such as the immune system, which 
may result in an improvement of host condition, growth and/or reproduction rates 
(compensatory release; Colautti et al., 2004). Both pathways of release are not mutually exclusive, 
but act on different time scales: regulatory release is a more immediate effect, requiring plasticity 
of the host, while compensatory release will act over longer (evolutionary) time periods (Colautti 
et al., 2004). Tests of the enemy release hypothesis showed that the proportion of infected 
individuals and parasite richness were indeed substantially reduced in invasive species (Torchin 
et al., 2002; Blakeslee et al., 2013). However, whether this parasite release or reduction is giving 
invaders a potential advantage over native species has rarely (experimentally) been investigated 
(but see Calvo-Ugarteburu and McQuaid, 1998a, b; Bachelet et al., 2004; Torchin et al., 2005).  
 Invasive species do not necessarily have to lose all their parasite species during an 
invasion process, but can also co-introduce parasites to the introduced range (parasite co-
introduction; Daszak et al., 2000; Taraschewski, 2006, Lymbery et al., 2014). Therefore, instead 
of a complete release from its parasites, invasive host species will only experience a reduction in 
parasite species burden compared to their native range. Parasites which have been co-introduced 
with their invasive hosts might cause infections in naïve native host species, a process called 
parasite spillover (Prenter et al., 2004; Kelly et al., 2009), potentially causing deleterious 
infections (emerging diseases; Daszak et al., 2000) or even mass mortalities in native host 
populations, which could further benefit the invasion success of invasive species. Alternatively, 
the spread of invasive species can also be negatively affected when invaders acquire infections 
with native parasite species. Moreover, when invasive species become suitable hosts for these 
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parasites, invaders can amplify native parasite populations, potentially resulting in increased 
infection levels in native host species, a process called parasite spillback (sensu Kelly et al., 2009). 
Many invasive species are known to indeed acquire native parasite species once they become 
established in the introduced range (step 1 of parasite spillback; Kelly et al., 2009; Poulin et al., 
2011), but evidence for the amplification of the native parasite population and the spillback to 
native host species (step 2) is scarce (but see Hershberger et al., 2010).  
Finally, invasive species can also affect native parasite-host dynamics by neither acting as 
a host nor as a parasite, for example by interrupting the life cycle of native parasite species. Many 
parasites have free-living infective stages by which they distribute and infect new hosts. Invasive 
species can prevent these infections via a mechanism called transmission interference, a 
phenomenon similar to dilution effects observed in vector-borne diseases (Keesing et al., 2006). 
Although this mechanism has not been described particularly for invasive species, it can easily be 
applied in the context of biological invasions. Here we shortly describe four potential ways 
(reviewed by Johnson and Thieltges, 2010) in which invasive species might interfere with 
parasite transmission from one host to the next. First, invasive species can be unsuitable hosts 
for the parasite, but still attract free-living parasitic stages that fail to infect this new species. In 
this situation, invasive species act as a decoy, removing infective stages from the system (Johnson 
and Thieltges, 2010). Second, for parasites that rely on trophic transmission to complete their 
complex life cycle, invasive species might act as dead-end hosts, in which the invader can become 
infected but is not consumed by down-stream hosts, thus inhibiting trophic transmission 
(Johnson and Thieltges, 2010). Other invasive species might prey on infective stages of parasites 
before they have the chance to infect a host (Poulin et al., 2011), either via active predation or 
predation by filter and suspension feeders (Thieltges et al., 2008a). Finally, invasive species can 
impose a physical barrier, preventing free-living infective stages to locate and/or infect their next 
host (Johnson and Thieltges, 2010). In all these mechanisms, invasive species interfere with 
parasite transmission and prevent native parasites to complete their life cycle, leading to reduced 
infections in native hosts.   
All these potential roles of invasive species in parasite-host interactions are likely to 
expand existing native parasite-host webs by creating new interactions and modifying existing 
ones. However, the complexity of these emerging parasite-host interactions as a result of a single 
species invasion has not been fully addressed to date. The focus of many studies on parasites and 
invasions has been on parasite release or reduction in the form of the enemy release hypothesis. 
Although this mechanism might explain the initial population growth of invasive species, the 
subsequent population dynamics, and the cumulative ecological and evolutionary implications of 
species invasions may be driven more by the additional mechanisms described above than by 
parasite release alone. In this thesis, the complex ways of how invaders can affect parasite-host 
interactions in invaded ecosystems are investigated for one of the most prominent marine 
invaders in the world: the invasive Pacific oyster Crassostrea gigas. 
 
The invasive Pacific oyster 
The Pacific oyster Crassostrea gigas (Fig. 1.3A) originates from East Asia where its native range 
stretches from Russia in the north (latitude ~ 48° north) to Japan in the south (latitude ~30° 
north; Arakawa, 1990; Fig. 1.4).  In the 1920s, the first oyster translocations took place from Japan 
to British Colombia (Canada) and Washington state (USA), which was the start of the Pacific 
oyster culture along the Pacific coast of North America (Arakawa, 1990; Chew 1990). This region 
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also became the source of secondary introductions to Europe and other continents, resulting in 
an almost global distribution of the Pacific oyster (Troost, 2010; Fig. 1.4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.3 A) The Pacific oyster Crassostrea gigas (source: http://northislandexplorer.com), B) Pacific oysters 
in PVC mesh bags on trestles at an Irish cultivation site (source: Lynch et al., 2012). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.4 The global distribution of the Pacific oyster (Crassostrea gigas), with the introduced range in orange 
and the native range in blue (after Miossec et al., 2009; plain map by Crates 
https://commons.wikimedia.org).  
 
At many locations where Pacific oysters were imported for commercial reasons, oysters escaped 
aquaculture settings (Fig. 1.3B) via their pelagic larval stage and established large populations in 
the invaded range, which form a threat to natural communities and ecosystems. The potential 
environmental impacts related to Pacific oyster invasions include the displacement of native 
species by competition for food and space, the creation of a new habitat, hybridization with local 
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oyster species and the transfer of parasites and diseases (Ruesink et al., 2005; Miossec et al., 2009; 
Nehring, 2011). While the introduction and spread of pathogenic agents of Pacific oysters are 
relatively well documented in the context of aquaculture settings (e.g. Lacoste et al., 2001; Nell, 
2001; Bondad-Reantaso, 2005; Pernet et al., 2012), investigations of parasite-host interactions 
and disease impacts on natural ecosystems as a result of the Pacific oyster invasion are rare. A 
well-suited ecosystem to study these interactions and impacts is the north-west European 
Wadden Sea, which harbours large populations of oysters in the wild since their introduction 
more than 30 years ago.  
 
The Pacific oyster in the Wadden Sea 
The Wadden Sea is situated in the south-eastern part of the North Sea and boarders The 
Netherlands, Germany and Denmark (Fig. 1.5A). This ecosystem is characterized by the largest 
coherent tidal flats on earth and supports large numbers of invertebrates, fish and shorebirds 
(Zijlstra, 1972; Beukema, 1976; Reise, 2005). Recently, the unique ecological values of the 
Wadden Sea were recognized by the IUCN, who designated this intertidal ecosystem as a UNESCO 
World Heritage Site (UNESCO WHS, 2014). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1.5 A) The Wadden Sea (light-grey shaded area) in the south-eastern part of the North Sea and the 
Dutch Delta in the south of the Netherlands, with the locations of the two oyster culture sites probably 
initiating the Pacific oyster invasion in the Wadden Sea (stars). B) Tidal flats in the Wadden Sea covered 
with mixed beds of native mussels (Mytilus edulis) and invasive Pacific oysters (Crassostrea gigas). 
 
During the early 1960s, European oyster farmers were in need of a new oyster species 
after the disappearance of the native European flat oyster (Ostrea edulis) in European coastal 
waters. In the Netherlands, the oyster culture was restarted with introduced Pacific oysters 
(Crassostrea gigas) from British Columbia (Dutch Delta; Fig. 1.5A) in 1964, after earlier attempts 
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with imports of C. viriginica (USA) and C. angulata (Portugal) had largely failed (Drinkwaard, 
1999; Troost, 2010). Oyster farmers were told that the introduction of seed stock of Pacific 
oysters was acceptable, since the low sea water temperature of Dutch coastal waters would 
prevent oysters to reproduce, as was previously the case for the closely related Portuguese oyster 
C. angulata (Drinkwaard, 1999; Troost, 2010). However, the Pacific oyster soon proved to 
reproduce in Dutch waters after all, with large natural spatfalls in the late 1970s/beginning 1980s 
resulting in the first wild Pacific oyster beds in the Dutch Delta (Drinkwaard, 1999; Troost, 2010). 
In the northern Wadden Sea, oysters were imported from the UK to the German island Sylt in 
1971 (Drinkwaard, 1999; Troost, 2010; Fig. 1.5A), and also here oyster spatfall was observed in 
the wild, but not earlier than in the 1990s (Reise, 1998). Although commercial oyster cultures 
were never established in the southern Wadden Sea, oyster introductions took place here as 
scientists deliberately released Pacific oyster spat fall in a cool water basin of a power and 
desalinization plant on the island of Texel in the late 1970s (Tydeman, 2008; Smaal et al., 2009; 
Troost, 2010). The spread of the Pacific oyster in the Wadden Sea was further aided with natural 
distribution processes via larval drift, in which pelagic stages of oyster larvae were carried with 
sea currents along Dutch and German coasts (Wehrmann et al., 2000). Currently, both genetically 
differentiated invasions from the north (Sylt) and the south (Dutch Delta and Texel; Moehler et 
al., 2011), have resulted in persistent wild Pacific oyster populations in the entire Wadden Sea 
(Ruesink et al., 2005), mostly settling on hard substrate provided by native blue mussel beds, 
creating large three-dimensional oyster reefs (Reise, 1998; Fig. 1.5B).  
The omnipresence and fast spread of the Pacific oyster raised the question whether the 
success of this invasive species could be attributed to a lack of natural enemies in the Wadden 
Sea. In its native range, the oyster is predated by crabs, several flatworms (predating on oyster 
spat) and five different oyster drill species (reviewed by Troost, 2010).  Two oyster drills 
(Urosalpinx cinereal, Ocinebrellus inornatus) recently started to predate on young Pacific oysters 
in the Dutch Delta (Faasse and Ligthart, 2007; Goud et al., 2008), but these species are native to 
the Pacific coast of North America and probably co-introduced with oyster translocations from 
this area to the Netherlands (Troost, 2010). However, so far, these oyster drill species have not 
been observed in the Wadden Sea. Additionally, Pacific oysters are rarely consumed by birds in 
Dutch coastal waters. Only herring gulls (Larus argentatus) and oystercatchers (Haematopus 
ostralegus) have been reported to occasionally feed on oysters, but locally and at very low rates 
(Cadée, 2008a, b). Furthermore, brown shrimp (Crangon crangon) are known to consume pelagic 
oyster larvae, but once these larvae settle on hard substrate they can escape shrimp predation 
(Weerman et al., 2014). Summarizing, the Pacific oyster is not consumed by many predators in 
the Wadden Sea and Troost (2010) concluded that the enemy release hypothesis is indeed true 
for the predation part. 
Regarding parasitic enemies, the overall role of the Pacific oyster in parasite-host 
interactions has so far not been investigated in the Wadden Sea. However, prior investigations 
identified five macroparasite species which are expected or known to be associated with the 
Pacific oyster (see below), providing a good model system to study the manifold impacts of an 
invasive species on parasite-host interactions in an invaded ecosystem. Whether these impacts 
differ along the entire Wadden Sea is not known as preliminary investigations on the distribution 
of these species have so far been limited to small local areas (Krakau, 2006; Thieltges, 2006a; 
Elsner et al., 2011). In this thesis, I will address these knowledge gaps to further comprehend the 
encompassing effects of invasive species on parasite-host interactions and the impacts on native 
hosts and ecosystems.  
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Parasites interacting with the Pacific oyster in the Wadden Sea  
Mytilicola orientalis (copepod) 
The coastal waters surrounding Japan are the native range of the parasitic copepod Mytilicola 
orientalis (Mori, 1935; Fig. 1.6A), which extended its distribution to the Pacific coast of North 
America via co-introductions with its Pacific oyster (Crassostrea gigas) host in the 1930s (then 
still known as Mytilicola ostreae; Wilson, 1938). From here, the parasitic copepod further spread 
via initial oyster imports from British Columbia to Europe in the 1960s and 1970s (His, 1977). In 
the Dutch Delta, M. orientalis was first observed in the 1990s, whereas it has only recently been 
documented in the (German) Wadden Sea (Elsner et al., 2011; Pogoda et al., 2012).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.6 Macroparasites in the Wadden Sea. A) The invasive parasitic copepod Mytilicola orientalis. B) The 
previously established parasitic copepod Mytilicola intestinalis. C) The native shell boring polychaete 
Polydora cilliata in an invasive Pacific oyster Crassostrea gigas. D) Metacercariae of the native trematode 
Renicola roscovita infecting palps of the blue mussel Mytilus edulis. E) A single metacerceria of the native 
trematode Himasthla elongata encysted in the foot of the blue mussel M. edulis (source: T. Stier). Note: In 
figures A and B, Mytilicola individuals lost their red color due to storage in ethanol. 
 
 
The parasitic copepod has a direct life cycle, involving only a single host species and a 
free-living larval stage, after which it resides in the intestines of molluscs (Mori, 1935). Whether 
the parasite is feeding on the hosts’ tissue or on the hosts’ stomach contents has not been 
investigated so far. Furthermore, the exact developmental stages of M. orientalis have not yet been 
described, but are expected to be similar to the congeneric species Mytilicola intestinalis 
(Katkansky et al., 1967), which is discussed below. The maximum length of adult males is 4 mm, 
while females can become twice as large (10-12 mm; Fig. 1.6A), excluding the external egg sacks 
attached to the thorax, which can carry around 200 eggs (Grizel, 1985).   
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In Europe, the red-coloured parasite spread first via its principle host, the Pacific oyster, 
but was later additionally found in native blue mussels Mytilus edulis and European flat oysters 
Ostrea edulis (His, 1977; Stock, 1993; Elsner et al., 2011; Pogoda et al., 2012), indicating spillover 
events. The relatively low host specificity of M. orientalis (Lauckner, 1983; Grizel, 1985), and high 
abundance and richness of mollusc species in the Wadden Sea (Beukema, 1976) suggest that the 
parasite may be found in more native host species in this region.  
While Mytilicola orientalis is generally considered a serious pest (Holmes and Minchin 
1995) and registered in the list of the 100 worst invaders of the Mediterranean Sea (Streftaris 
and Zenetos, 2006), studies on the lethal and sublethal effects of M. orientalis are inconclusive for 
oyster hosts (C. gigas: Katkansky et al., 1967; Deslous-Paoli, 1981; De Grave et al., 1995; Steele 
and Mulcahy, 2001; Ostrea lurida: Odlaug, 1946) and generally lack experimental approaches. 
Effects of M. orientalis on its new European hosts, the blue mussel and the European flat oyster, 
have not been studied to date.  
 
Mytilicola intestinalis (copepod) 
The closely related congeneric copepod species, Mytilicola intestinalis (Fig. 1.6B), is also invasive 
in the Wadden Sea, but was introduced approximately 80 years earlier. This parasitic copepod 
originates from the Mediterranean Sea, where it naturally infects the Mediterranean mussel 
Mytilus galloprovincialis (Steuer, 1902). Presumably via mussel fouling on ship hulls the parasite 
was introduced to North Sea coastal waters in the 1930s, infecting native blue mussels (Mytilus 
edulis; Caspers, 1939; Ellenby, 1947; Korringa, 1950; Theisen, 1966). In the Wadden Sea, M. 
intestinalis was first found in Wilhelmshaven and Cuxhaven in Germany (Caspers, 1939) and via 
two invasion fronts it spread north- and southwards towards both ends of the Wadden Sea 
(Meyer and Mann, 1950). It reached Germany’s most northern island Sylt by 1970 (Dethlefsen, 
1972), and the Dutch island Ameland in 1968 (Korringa, 1968), and probably arrived at the most 
western Wadden Sea island (Texel) during the 1970s (Feis et al., 2016).  
Similar to the recent invader M. orientalis, the previously established M. intestinalis has a 
conspicuous bright red-colour, but generally M. intestinalis reaches smaller maximum lengths (3-
4 mm in males, 7-8 mm for females; Steuer, 1905). The copepod has a direct life cycle with a free-
living dispersive phase in which the larvae undergo three consecutive stages (as nauplius, meta -
nauplius and first copepodite), with only the first copepodite stage causing infections in its host 
(Grainger, 1951; Hockley, 1951; Gee and Davey, 1986a). Native blue mussels have been 
documented as the dominant host species for M. intestinalis along North Sea coasts, but invasive 
Pacific oysters have also been mentioned as potential hosts for the invasive parasite (Gotto, 
2004), making spillback via invasive oysters to native host species a likely scenario. Alternatively, 
if the Pacific oyster appears to be an incompetent host for M. intestinalis, the invasive species 
potentially acts as a sink for the parasite, making transmission interference effects likely.  
In Europe, M. intestinalis became notorious as the ‘red worm disease’ as it allegedly 
caused mass mortalities of its blue mussel host in the North Sea in the 1950s and 1960s (Korringa, 
1950; Meyer and Mann, 1950; Cole and Savage, 1951; Theisen, 1966; Williams, 1969). However, 
there has been considerable debate about the actual lethality of the parasite (reviewed by 
Lauckner, 1983) as experimental evidence for negative impacts based on controlled infections of 
mussels is lacking.   
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Polydora ciliata (polychaete) 
Shell boring polychaetes belonging to the genus Polydora have a complicated taxonomy and a 
cryptogenic status in many countries (Simon and Sato-Okoshi, 2015). The species Polydora ciliata 
(Fig. 1.6C) has been described in the coastal seas of Japan (Fuyija, 1970; Manchenko and 
Radashevsky, 1998), but also in the Wadden Sea (Thieltges et al., 2006a; Gittenberger et al., 2015) 
where it is considered to be a native (Gittenberger et al., 2015) and not a cryptogenic or invasive 
species (Buschbaum et al., 2012).  
In the Wadden Sea, the host range of the native P. ciliata involves two native species, the 
common periwinkle Littorina littorea and the blue mussel Mytilus edulis, and two invasive species, 
the American slipper limpet Crepidula fornicata and the Pacific oyster Crassostrea gigas (Thieltges 
et al., 2006a). Therefore, the arrival of the Pacific oyster in the Wadden Sea as a new host species 
for this polychaete, might amplify P. ciliata populations, potentially increasing infection levels in 
native host species. Whether this spillback scenario is true for P. ciliata has not been investigated 
so far.  
The polychaete has a direct life cycle with a short planktonic phase (about 2 weeks; Daro 
and Polk, 1973) after which it burrows in mollusc shells, causing reductions in the shell strength 
(Kent, 1981; Buschbaum, 2007). As deteriorated shells enhance predation by crabs on infected 
native periwinkles L. littorea and blue mussels M. edulis (Ambaryianto and Seed, 1991; 
Buschbaum, 2007), the host must deliberate energy for shell repair, thereby compromising the 
host condition (Kent, 1979).  
 
Renicola roscovita and Himasthla elongata (trematodes) 
The native trematode species Renicola roscovita (Fig. 1.6D) and Himasthla elongata (Fig. 1.6E) are 
among the dominant trematode species in the Wadden Sea (Werding, 1969; Lauckner, 1983; Buck 
et al., 2005; Thieltges et al., 2006a). These parasites have a complex life cycle  in which they rely 
on multiple hosts to survive and eventually reproduce. The life cycle starts when parasite 
miracidia hatching from eggs are consumed by snails grazing in intertidal habitats (Fig. 1.7). 
Inside their first intermediate snail host, the common periwinkle Littorina littorea, the parasites 
reproduce asexually, creating many clones inside the snails’ reproductive tissue (sporocysts  or 
rediae), resulting in the castration of its host. After an environmental trigger (typically a rise in 
temperature) the parasites emerge from the snail and undergo a free-living larval phase 
(cercariae) in the water column in which they have limited time and energy to locate their next 
host, which is a bivalve species (mainly common cockles Cerastoderma edule and the blue mussel 
Mytilus edulis; Thieltges et al., 2006a). Once they have found their second intermediate host, the 
cercariae rely on the hosts’ filtration currents to complete a successful infection, after which the 
parasite encysts as metacercariae in the designated bivalve tissue (in the palps, gills or foot). Here 
the parasite awaits the consumption of the bivalve by a bird (gulls Larus spp. or common eider 
Somateria mollissima; Werding, 1969; Lauckner, 1985), its definitive host, in which it can proceed 
its life cycle as an adult and reproduce. The life cycle is completed when trematode eggs are 
dispersed with the bird feces in the intertidal environment, where snails can become infected and 
start a new cycle (green arrows in Fig. 1.7). 
Both trematode species are known to exert serious negative effects on their second 
intermediate bivalve hosts. By encysting as metacercariae in the gills and palps of bivalves, R. 
roscovita affects the growth rate (Thieltges, 2006b), clearance rate and condition of native blue 
mussels (Stier et al., 2015). Himasthla elongata encysts in the foot and siphon of its host and can 
impact cockle (Cerastoderma edule) survival under hypoxic conditions (Wegeberg and Jensen, 
Chapter 1 
 
13 
1999). In addition, heavy H. elongata infections impair the byssus-thread production in mussels, 
reducing the mussels’ attachment capacity (Lauckner, 1984). However, in experimental settings 
the invasive Pacific oyster is acting as a dead-end or decoy host for the parasite species and 
interferes with the transmission from the first to second intermediate host, thereby reducing the 
disease risk for blue mussels (Thieltges et al., 2008a; Welsh et al., 2014; Goedknegt et al., 2015).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.7 A typical life cycle of a trematode species. Green arrows represent parasite transmission from one 
host to the next. See text for more details on the life cycle.  
 
Objective and outline of the thesis 
In this thesis, biological invasions are used as ‘experiments in nature’ to study newly established 
parasite-host interactions and the underlying ecological processes across spatial scales. The 
overall objective is to disentangle the manifold roles of invasive species in affecting parasite-host 
interactions in invaded ecosystems and to identify the ecological impacts. The thesis specifically 
aims to I) provide a conceptual framework for the study of parasite-host interactions as a result 
of marine invasions, II) identify the manifold roles of the invasive Pacific oyster (Crassostrea 
gigas) in parasite-host interactions in the Wadden Sea ecosystem, and III) determine the resulting 
ecological impacts of changes in parasite-host interactions mediated by Pacific oysters. Below 
follows a more detailed description of the contents of each of these three parts of this thesis. 
Part I - Marine invasions and parasites: a review 
In Chapter 2, I provide a conceptual framework of six mechanisms by which marine invasive 
species can affect parasite-host interactions in invaded ecosystems. To do so, I give a 
comprehensive overview of what is currently known about the roles of invasive species in 
parasite-host interactions and review empirical evidence from the literature, and subsequently 
discuss the ecological and evolutionary implications for each of these mechanisms. 
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Part II - Pacific oysters and parasite-host interactions  
In Chapter 3, I investigate the effects of the invasion of Pacific oysters (Crassostrea gigas) on the 
distribution and abundance of parasites in native blue mussel (Mytilus edulis) and invasive oyster 
hosts across the entire Wadden Sea. A hierarchical field sampling design with three spatial scales 
was used to determine the spatial distribution of parasites in both hosts. Furthermore, the most 
important environmental and biological drivers of infection levels were identified, demonstrating 
that spatial infection patterns and their drivers are host and parasite specific.  
In Chapter 4, I assess the reliability of the morphological identification of two invasive 
parasitic copepods, Mytilicola orientalis and Mytilicola intestinalis, which play a potential role in 
parasite co-introduction, spillover and spillback scenarios after the arrival of the invasive Pacific 
oyster. The two parasite species have originally been described from different continents, but 
now co-occur in the same host species (blue mussels M. edulis) and at the same locations (the 
Wadden Sea and Dutch Delta), challenging the reliability of their identification. Using a multitude 
of morphological variables and multivariate statistics, I demonstrate that the invasion of both 
Mytilicola spp. in the Dutch Delta and Wadden Sea represents a case of ‘cryptic by invasion’ and 
recommendations for reliable identification are discussed.  
In Chapter 5, I use the recommendations suggested in Chapter 4 to illustrate the role of 
the Pacific oyster in the co-introduction and spillover of M. orientalis and the spillback of M. 
intestinalis to native host species. Using a substantial field sampling of 11 different host species 
across the Dutch Delta and Wadden Sea, I found evidence for spillover of M. orientalis to three 
native bivalve species, but no evidence for spillback of M. intestinalis to native mussels via 
invasive Pacific oyster hosts.  
In Chapter 6, I introduce a new mechanism of how invasive ecosystem engineers such as 
the Pacific oyster can affect parasite-host interactions. In a field experiment performed at both 
ends of the Wadden Sea, I demonstrate that as a result of trait-mediated indirect interactions 
initiated by invasive Pacific oysters, infections in native blue mussels (M. edulis) are altered. This 
is the first time that an indirect modification in parasite-host interactions as a result of the 
physical structure of an invasive ecosystem engineer has been described.  
 
Part III - Ecological implications 
In Chapter 7, I focus on the newly established parasite-host relationship of the invasive copepod 
Mytilicola orientalis and the native blue mussel Mytilus edulis. With the aid of controlled 
infections, the effects of the invasive parasite on its new (native) host (M. edulis) are 
experimentally investigated under different food regimes. While the condition of the mussels was 
significantly reduced, mussel clearance rates and growth were not affected by the invasive 
parasite. This is the first time controlled experimental infections are used to demonstrate adverse 
effects of the invasive M. orientalis on native host species.  
In Chapter 8, I investigate the mechanism behind the reduced condition in native mussels 
(M. edulis) as a result of M. orientalis infections found in Chapter 7. As the trophic relationship of 
the invasive parasite and its new native mussel host has never been identified, we used stable 
isotope analysis to determine the trophic enrichment of the parasite compared to its host species, 
indicating that the parasite is feeding on host tissue. Furthermore, we used isotope mixing models 
to show that mussel food sources (phytoplankton and microphytobenthos) could also be part of 
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the parasites diet, indicating that the invasive M. orientalis has probably a parasitic as well as a 
commensalistic relationship with its new native mussel host.   
In Chapter 9, we explore whether the trophic enrichment found in Chapter 8 is a general 
pattern in parasite-host relationships. By compiling a large data set from the published literature 
on stable isotope measurements across many parasite and host taxa, we found no general pattern 
in trophic enrichment or depletion of parasites in nitrogen, nor carbon isotopes compared to their 
host species. This indicates that parasite-host interactions in general may not fit well into the 
traditional stable isotope framework with standardized trophic fractionation factors.   
 
General discussion 
In Chapter 10, all the findings of this thesis are brought together. Specifically, I summarize the 
general mechanisms discussed in Chapter 2 in the context of the Pacific oyster invasion in the 
Wadden Sea. For parasite release of Pacific oysters in their new range compared to their native 
range, a mechanism not investigated in this thesis, a mini literature review is provided. In 
addition, this chapter integrates studies on microparasitic species into the framework of the 
different mechanisms by which Pacific oysters affect parasite-host interactions. Furthermore, the 
results of this thesis are discussed in an ecosystem context identifying the ecological and 
evolutionary implications of the Pacific oyster invasion on the Wadden Sea ecosystem. Finally, 
recommendations are given for future research. This thesis ends with some concluding remarks 
highlighting that ecosystem changes by human-aided introductions are not simply resulting in 
the addition of a new species to a community, but rather in diverse and complex changes of 
species interactions of which the effects cascade through entire marine communities and 
ecosystems, proving the early observations of Heraclitus: the only constant in life is change.   
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Abstract 
Worldwide, marine and coastal ecosystems are heavily invaded by introduced species and the 
potential role of parasites in the success and impact of marine invasions has been increasingly 
recognized. In this review, we link recent theoretical developments in invasion ecology with 
empirical studies from marine ecosystems in order to provide a conceptual framework for 
studying the role of parasites and their hosts in marine invasions. Based on an extensive literature 
search, we identified six mechanisms in which invaders directly or indirectly affect parasite and 
host populations and communities: I) invaders can lose some or all of their parasites during the 
invasion process (parasite release or reduction), often causing a competitive advantage over 
native species; II) invaders can also act as a host for native parasites, which may indirectly amplify 
the parasite load of native hosts (parasite spillback); III) invaders can also be parasites 
themselves and be introduced without needing co-introduction of the host (introduction of free-
living infective stages); IV) alternatively, parasites may be introduced together with their hosts 
(parasite co-introduction with host); V) consequently, these co-introduced parasites can 
sometimes also infect native hosts (parasite spillover); and VI) invasive species may be neither a 
host nor a parasite, but nevertheless affect native parasite host interactions by interfering with 
parasite transmission (transmission interference). We discuss the ecological and evolutionary 
implications of each of these mechanisms and generally note several substantial effects on natural 
communities and ecosystems via i) mass mortalities of native populations creating strong 
selection gradients, ii) indirect changes in species interactions within communities and iii) 
trophic cascading and knock-on effects in food webs that may affect ecosystem function and 
services. Our review demonstrates a wide range of ecological and evolutionary implications of 
marine invasions for parasite-host interactions and suggests that parasite-mediated impacts 
should be integrated in assessing the risks and consequences of biological invasions.  
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Introduction 
The increase in marine aquaculture activities and global shipping during the last decades has 
resulted in the worldwide distribution of a multitude of invasive species (Bax et al., 2003). As a 
result, marine coastal systems are among the most heavily invaded ecosystems of the world 
(Grosholz, 2002). A potential role of parasites in the success and impact of marine invasions has 
been recognized and gained mainly attention in the form of the enemy release hypothesis, which 
refers to a loss of parasites in the invasion process, leading to potential competitive advantages 
for invasive species (see reviews by Blakeslee et al.,  2013; Torchin et al., 2002). However, recent 
empirical studies and new conceptual frameworks beyond the marine realm have identified 
various additional ways of how parasites and their hosts can be involved in species invasions (e.g. 
Dunn, 2009; Tompkins et al., 2011). Here we review these recent theoretical developments in 
invasion ecology and link them with empirical studies from marine ecosystems in order to 
provide a conceptual framework for studying the role of parasites and their hosts in marine 
invasions.  
We firstly summarize the different ways in which marine invaders directly or indirectly 
affect parasite and host populations and communities (next section). Then we explain each 
mechanism, its direct ecological effects on the host and indirect effects on the surrounding 
community in more detail, including mechanisms where invasive species act as host , mechanisms 
in which parasites are introduced and a mechanism where invaders are neither parasite nor host, 
but nevertheless affect parasite-host interactions in the third section. We do so based on an 
extensive literature search using Google Scholar and Web of Science with the key words parasit*, 
parasit* AND spill*, invas* AND parasit*, parasit* AND “dilution effect”, introduce* AND parasit*, 
“enemy release”. To this initial literature database, we added further studies by searching 
reference lists of publications and our own literature collections. This resulted in a 
comprehensive and up to date (December 2014) database of our current knowledge on parasites 
and marine invasions. In the fourth section, we discuss the evolutionary implications of all six 
ecological mechanisms highlighted in the third section. Finally, we provide a summary and 
outlook for future studies on ecological and evolutionary perspectives of parasites and marine 
invasions. 
Throughout this review we use the term parasite for an organism that is living in or on 
another organism (the host), feeding on it and causing some degree of harm (sensu Poulin, 2006a) 
and thereby refer to all microparasites, macroparasites and pathogens. In addition, we will use 
the term introduction when an organism is directly or indirectly moved by human activities 
beyond the limits of its native geographical range into an area in which it does not naturally occur 
(Falk-Petersen et al., 2006). Such introduced organisms we will call introduced or invasive 
species (sensu Blackburn et al., 2011; Lymbery et al., 2014) as most introduced hosts or parasites 
reported in the literature are in the state of spreading in invaded ecosystems.  
 
Six mechanisms by which marine invaders affect parasite-host interactions 
There are at least six mechanisms by which invaders directly or indirectly affect interactions 
between invasive and native parasite and host populations and communities. They differ in the 
invasive/native status of the host and/or the parasite and in their respective ecological 
implications (Fig. 2.1): I) the competitive ability of invasive species relative to native species in 
invaded ecosystems may be increased if an invasive species loses (some of) its native parasites in 
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the process of introduction (parasite release or parasite reduction; Colautti et al., 2004; Keane 
and Crawley, 2002; Torchin et al., 2001, 2003; Torchin and Mitchell,  2004); II) invasive species 
can act as a competent host for native parasites (parasite acquisition; Tompkins et al., 2011), 
thereby increasing host diversity and amplifying transmission dynamics of native parasite  
populations that can ultimately lead to increased infection levels in native hosts (parasite 
spillback; Kelly et al., 2009); III) invasive parasites can be introduced into a new habitat via a 
vector (e.g. ballast water, Ruiz et al., 2000) and infect native hosts, without needing the 
cointroduction of an invasive host species (introduction of free-living infective stages); IV) 
invasive parasites can be introduced together with the introduction of a host and only infect the 
invasive host in the introduced range (parasite co-introduction with host), potentially giving 
native species a potential competitive advantage relative to the invader in the invaded range 
(Daszak et al., 2000; Taraschewski, 2006); V) invasive parasites can be co-introduced with their 
invasive host and spill over to naive native species (parasite spillover; Prenter et al., 2004; Kelly 
et al., 2009), potentially causing deleterious infections (emerging disease); and VI) invasive 
species may be neither a host nor a parasite but can nevertheless potentially reduce the parasite 
burden in a system if an invader interferes with parasite transmission between native hosts 
(parasite transmission interference), e.g. by preying on free-living infective stages of parasites 
(Johnson et al., 2010).  
It is important to realize that these six mechanisms are not mutually exclusive for a single 
invasive parasite or host species, but can act synergistically during an invasion process. For 
example, an invading host may be released from one species of parasite (parasite release), but at 
the same time co-introduce an invasive parasite (parasite co-introduction with host) that spills 
over to native species (parasite spillover). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1 Conceptual overview of the six mechanisms of how invaders can directly or indirectly affect 
parasite-host interactions. Grey semicircle = invasive host species, white semicircle = native host species, 
dark grey dot = invasive parasite species, white dot = native parasite species, grey environment = native 
range of invader, white environment = introduced range of the invader. For detailed explanation of the 
mechanisms see text. 
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Ecological implications 
There are varying amount of empirical data supporting each of the six mechanisms. This includes 
mechanisms where invasive species act as host (sections Parasite release or reduction and 
Parasite spillback), mechanisms in which parasites are introduced (sections Introduction of free-
living infective stages, Parasite co-introduction with host and Parasite spillover) and a mechanism 
where invaders are neither parasite nor host, but nevertheless affect local parasite-hostdynamics 
(section Transmission interference). 
 
Parasite release or reduction 
When an invasive host species is introduced to a new ecosystem, it often leaves all or some of its 
co-evolved parasites behind in its native range (Fig. 2.1: I Parasite release or reduction), because 
introduced species must overcome barriers to introduction, establishment and spread before  
they become invasive (Colautti et al., 2004; Kolar and Lodge, 2001). Such barriers also act on 
parasites — either before, during or after the translocation phase. First, native parasites of 
introduced hosts are likely to be lost before or during translocation, because many introduced  
species arrive as larvae in the new environment and are therefore free of parasite species 
infecting juvenile or adult stages (Lafferty and Kuris, 1996; Torchin et al., 2002, but see Arzul et 
al., 2011). Moreover, parasites and/or infected hosts might die during transportation, reducing  
the likelihood of establishment. In addition, introduced aquaculture organisms can be treated 
with an anti-parasite treatment (e.g., copper sulphate to eliminate monogeneans of fish, Vignon 
et al., 2009a) before translocation to the new environments (Mitchell and Power, 2003) and 
translocations of stocks usually select only healthy individuals, reducing the possibility of 
translocating parasites (Colautti et al., 2004). Second, once infected hosts are translocated, their 
parasites may not find suitable hosts or vectors to complete their life cycle in the new 
environment (Blakeslee et al., 2013; Torchin et al., 2001) or the co-introduced parasites might 
suffer from local environmental conditions or predators (e.g., cleaner fish; Hatcher et al., 2012; 
Vignon et al., 2009a). Finally, due to the mechanisms above, the propagule pressure (i.e., the 
number of individuals introduced into a new environment) of any surviving hosts and/or 
parasites after the translocation phase may be very low, resulting in a too low density for the 
introduced parasite to establish (Torchin et al., 2001; Hatcher et al., 2012).  
Although host species may arrive without parasites or with a reduced parasite set in their 
new environments, they may also acquire native parasites in the introduced range, which 
ultimately determines the total parasite load of an invasive species (Fig. 2.1; Colautti et al., 2004). 
To successfully infect an invasive host, a native parasite must first encounter its new host species 
(encounter filter) and overcome any host barriers like the immune system (compatibility filter; 
sensu Combes, 2001). Host competence can vary greatly among host species and is often the 
result of co-adaptation over longer evolutionary time scales (Telfer and Brown, 2012). The lack 
of a co-evolutionary history may often render invasive species non-competent hosts and thus 
acquisition of native parasite species may not take place. For example, the invasive Manila clam 
(Ruditapes phillipinarum) could not be artificially infected with the native trematode Himasthla 
elongata, while in the native common cockle (Cerastoderma edule) infection success was high 
(Dang et al., 2009). Free-living infective stages of the parasite were not able to infiltrate the 
epithelium of the invasive bivalve and thereby the low infections in the lab and the field resulted 
from a host (tissue) barrier (Dang et al., 2009).  
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For marine and coastal ecosystems, a recent review has shown that parasite release or 
reduction in invasive hosts is common (Blakeslee et al., 2013). Additionally, Torchin et al. (2002) 
showed that parasite richness (number of species) and prevalence (proportion of hosts infected)  
of invasive species are, on average, two to three times larger in the native than in the introduced 
range. The study of Blakeslee et al. (2013) revealed that most hosts generally show > 50% 
parasite reduction across parasite groups, but this depended on the parasite taxa. For example, 
Rhizocephala (Crustacea) were almost always lost while for other groups (e.g., Cestoda and 
Turbellaria) escape or reduction rates were lower (Blakeslee et al., 2013).  
The level of parasite release or reduction may decrease with increasing residence time of 
invasive species in their new environments because they may acquire more and more native 
parasites over time (Colautti et al., 2004; Torchin and Lafferty, 2009). For example, the number  
of parasite species found in invasive populations of the common shore crab (Carcinus maenas) is 
positively correlated with the time since its introduction (Torchin and Lafferty, 2009). The same 
pattern was found in the swimming crab Chrarybdis longicollis, which was introduced in the 
Mediterranean in the 1950s (Innocenti and Galil, 2007; Innocenti et al., 2009). Here the crab was 
first released from its parasites, but in 1992 a native castrating parasite, the rhizocephalan 
Heterosaccus dollfusi, reached high prevalences (Innocenti et al., 2009). However, for other 
marine hosts the evidence for an increase in parasites with time since introduction is generally 
weak (Blakeslee et al., 2013).  
A parasite reduction during an invasion process may lead to a competitive advantage for 
invasive species over native species (Keane and Crawley, 2002; Torchin et al., 2001, 2003; 
Mitchell and Power, 2003; Torchin and Mitchell, 2004). This is the case when the invasive host is 
negatively affected by its parasites in the native region so that a loss or reduction of parasite loads 
in the new area results in a direct fitness increase of the host population (regulatory release; 
Colautti et al., 2004). Additionally, the loss of parasites may release resources otherwise invested 
in parasite defence mechanisms (e.g. immune system), which may result in an increase in 
condition and reproduction rate (compensatory release; Colautti et al., 2004). It is important to 
note that both pathways are not mutually exclusive, but act on different time scales: regulatory 
release is a more immediate effect, requiring plasticity of the host, while compensatory release 
will act on evolutionary time scales (Colautti et al., 2004). Nevertheless, both individual pathways 
are theoretically expected to lead to fitness benefits and a competitive advantage for the invasive 
host (Keane and Crawley, 2002; Torchin et al., 2001, 2003; Mitchell and Power, 2003; Torchin 
and Mitchell, 2004).  
Although many studies found evidence for parasite release or reduction in marine 
ecosystems by using a comparative approach comparing infection levels (see reviews Blakeslee 
et al., 2013; Torchin et al., 2002), only very few studies have actually used experiments to test 
whether the observed release or reduction actually leads to fitness differences between invasive 
and native hosts (Table 2.1). One of the few existing experimental studies was conducted in South 
Africa, where the invasive mussel Mytilus galloprovincialis is released from its parasites and is 
gradually outcompeting the native mussel Perna perna which is naturally infected with two 
trematode species (Calvo-Ugarteburu and McQuaid, 1998a,b). Experiments showed that these 
parasites negatively affect growth (trematode metacercariae which only infect juvenile stages of 
the mussel) or reproduction (bucephalid sporocysts which castrate the bigger mussels) in P. 
perna (Calvo-Ugarteburu and McQuaid, 1998b). M. galloprovincialis, by contrast, is infected by 
neither parasite and has lost its native parasites due to parasite release and this may be the reason 
for its high invasion success (Calvo-Ugarteburu and McQuaid, 1998b). Similar conclusions have  
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been drawn for the invasive gastropod Cyclope neritea in Arcachon Bay in France and the Asian 
horn snail (Batillaria attramentaria (= cumingi)) at the Pacific coast of North America. Both 
species are infected with considerably fewer parasites than their native competitors (Bachelet et 
al., 2004; Torchin et al., 2005). C. neritea outcompetes the native gastropod Nassarius reticulatus  
as it is more active and, therefore, shows a higher effectiveness in utilizing resources, especially 
in still water conditions (Bachelet et al., 2004). Similarly, in comparison to the native California  
horn snail Cerithidea californica, the invasive Asian horn snail is more efficient in turning 
resources into growth (Byers, 2000).  
To conclude, while parasite release or reduction have been widely reported in marine 
invading hosts, the number of studies experimentally investigating the ecological implications is 
limited. In particular, more studies are needed to investigate the actual competitive advantage of 
a parasite release or reduction for invasive species. 
 
Parasite spillback 
Invasive species can acquire native parasites in the introduced region, which may reduce the net 
effect of parasite release or reduction for the invasive host (see above). It may also amplify the 
transmission dynamics of native parasites, resulting in increased infection levels in native hosts 
(Fig. 2.1: II Parasite spillback). Whether an invasive host species accumulates native parasites is 
strongly influenced by its host competence (Kelly et al., 2009; Poulin et al., 2011). Utilizing new 
hosts will increase the basic reproduction number (R0) of the parasite and thus the mean number 
of expected new infections caused by a single infected host (Telfer and Brown, 2012). When the 
invasive host is entirely unsuitable, the basic reproduction number of the parasite is zero (R0 = 0) 
and the invasive species will act as a sink for parasites (Telfer and Brown, 2012). This happens  
when the parasites try to infect the new hosts but fail or if the invader interferes with the 
transmission otherwise (e.g., by preying on free-living infective stages of parasites) and it may 
ultimately reduce disease risk for native species (Telfer and Brown, 2012; see also section 
Transmission of free-living stages). In contrast, when an invasive host is competent, the parasite 
generates more than one secondary case of infection (i.e. R0 > 1), thereby amplifying the total 
parasite population (Telfer and Brown, 2012). As a result of this amplification in the invasive 
hosts, the parasite may spill back to native hosts and thereby infection rates of native species 
increase (Kelly et al., 2009; Poulin et al., 2011). Hence, a parasite spillback effect occurs under the 
following conditions: 1) the invasive host species must acquire native parasites, 2) the invasive 
species must be a competent host for the parasites and amplify the parasite population (R0 > 1), 
and 3) the native parasite must spill back from the invasive to native host species (Kelly et al., 
2009).  
Kelly et al. (2009) reviewed a potential spillback effect in 40 studies in terrestrial, 
freshwater and marine systems. They found that 70% of invasive host species acquired more than 
three native parasites, with 21% acquiring more than ten native parasites. The majority of native 
macroparasites acquired by the invasive hosts (38 out of 40) are generalist parasites (Kelly et al., 
2009). Given the small sample size of marine species in the Kelly et al. (2009) study (only six out 
of 40), we conducted an updated literature review and found a total of 13 reported cases of 
marine invasive host species that are known to have acquired native parasites (Table 2.2). These 
consist of fish (seven), crustacean (three) and bivalve (three) host species. On average, invasive 
marine hosts acquired 3.2 (range 1–7) native parasite species, which is much lower than the mean 
of 6.3 (range 1–16) for all invaders reported by Kelly et al. (2009) and the overall average of 4.9  
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  (range 1–15) for freshwater fish (Poulin et al., 2011). The reasons for the lower number of 
parasite species spilling back in marine hosts compared to freshwater and terrestrial hosts are 
unknown, but may be related to the open and three-dimensional nature of marine systems which 
may decrease contact rates between invaders and native parasites. The majority of acquired 
parasite taxa in marine hosts were native trematodes (29%) and cestodes (17%) (Table 2.2, Fig. 
2.2A).  
While the majority of the studies in Table 2.2 report on parasite acquisition (step 1 of the 
parasite spillback), there is little conclusive evidence for parasite amplification and/or spillback  
to native species (steps 2 and 3 of parasite spillback) from marine systems. We found only a single 
published study (Hershberger et al., 2010) that reports parasite amplification between the native 
marine protist Ichtyophonus sp. and the introduced American shad. After the introduction of the 
shad to the North American Pacific coast, the anadromous fish migrated from rivers to marine 
and coastal areas to feed, exposing increasing numbers of populations to the endemic protist 
Ichtyophonus sp. Consequently, with the anadromous behaviour of its host, the parasite was 
transported into the Columbia River system, where it infected the native spring Chinook salmon 
(Oncorhynchus tshawytscha). Up to now, an efficient freshwater life cycle has not been 
established, but the authors suggest high potential for parasite spillback, because of low parasite-
hostspecificity and previous establishments of Ichtyophonus sp. in freshwater systems 
(Hershberger et al., 2010). 
 
 
 
Fig. 2.2 A) Proportion (%) of different taxa of native parasite species acquired by invasive hosts (n = 41; 
Table 2.2). Parasite species that were acquired by multiple invasive host species were only counted once. 
B) Proportion (%) of different taxa of invasive parasite species that were co-introduced and spilled over to 
native hosts (n = 35, Table 2.5). Parasite species that spilled over to multiple host species were only counted 
once. 
 
The spillback effect can have several ecological implications for both native and invasive 
host species. For example, invasive and native species that do not directly compete for resources 
may still indirectly interact via a shared parasite, which is a form of apparent competition (Holt  
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and Pickering, 1985). This can lead to exclusion of one of the two species, but also to co-existence, 
if, for example, the dominant competitor is more strongly affected by the parasite than the 
competitively inferior host (Hatcher et al., 2012). Such a scenario was investigated by Torchin et 
al. (1996), who studied the effect of a native nemertean egg predator on a native crab and its new 
invasive host, the common shore crab C. maenas. Half a year after its introduction, the prevalence 
in the invader went from 11% to 98% versus the 74% to 79% in the native host, the yellow shore 
crab Hemigrapsus oregonensis, showing that the invasive common shore crab is a competent host 
for the native parasite. However, in vitro egg predation rates of the nemertean of both invasive 
and native hosts were similar, suggesting little potential for apparent competition (Torchin et al., 
1996). In addition to apparent competition, native parasites may also mediate the outcome of 
interactions between native and invasive host species through their effects on host behaviour or 
other traits (indirect trait-mediated effects; Dunn et al., 2012; Hatcher et al., 2006; Werner and 
Peacor, 2003). An example for this has been reported for native cestodes that modify the 
appearance, behaviour and fecundity of native species of brine shrimp (Artemia spp.; Amat et al., 
1991; Sánchez et al., 2012; Thiéry et al., 1990), but not of the invasive brine shrimp Artemia 
franciscana in hypersaline wetlands of Portugal and Spain (Georgiev et al., 2014; Sánchez et al., 
2012). Native cestodes colour the native brine shrimps bright red, induce positive phototaxis and 
increase surface time which makes the shrimps more visible for birds, the definitive host of the 
parasites (Georgiev et al., 2007; Sánchez et al., 2012). The prevalence of native cestodes is much 
higher in the native (47–89%) than in the invasive host (2–24%) and there is no evidence that 
the native cestodes are able to modify the behaviour of the invasive host (Georgiev et al., 2007). 
Therefore, differential parasite-mediated changes in behaviour in the native and the invasive 
hosts may underlie the observed replacement of the native populations of Artemia spp. by the 
invasive species A. franciscana (Georgiev et al., 2014).  
The existing examples of acquisition of native parasites by invasive hosts indicate that 
spillback effects may exist in marine systems and that they could affect a range of interactions 
between native and invasive hosts. However, given the very limited number of existing studies 
on the actual magnitude of parasite spillback to native hosts, more research is needed to evaluate 
the relevance of spillback effects in marine invasions. 
 
Introduction of free-living infective stages of parasites 
Invaders cannot only affect native parasite-host interactions by serving as a host, but can also be 
invasive parasites themselves without needing the introduction of a host (Fig. 2.1: III Introduction 
of free-living infective stages). The introduction of free-living infective stages of especially 
microparasites is relatively common in marine ecosystems, with ship ballast water being a key 
vector (Carlton and Geller, 1993). However, not only the ballast water itself, but also the surfaces 
of the ballast water tanks can become covered with biofilms, organic matrices that can contain all 
sorts of microorganisms including pathogenic forms (Drake et al., 2005). In addition, sediment 
and water residuals in ballast water tanks can contain an assortment of bacteria and viruses 
(Drake et al., 2005, 2007). However, the majority of microorganisms is transported by ballast 
water, followed by sediment, water residuals and biofilms (Drake et al., 2007). Although 
introductions of marine microparasites with ballast water seem likely, only a relatively small 
number of studies have investigated the risk of introducing free-living bacteria and viruses with 
ballast water (Table 2.3). Many of these studies have quantified the abundance of infective stages 
in ballast water tanks and suggest a relatively high propagule pressure in many cases. For 
example, Drake et al. (2007) estimated an introduction in the order of 1020 microorganisms (3.9  
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× 1018 bacteria and 6.8 × 1019 viruses) in the Chesapeake Bay per year. In addition to 
microparasites, also life cycle stages of macroparasites may be found in ballast water tanks. For 
example, free-living stages of the parasitic isopod Orthione griffenis have been found in ballast 
water in North America, surviving a trip of 11–21 days from Japan (Carlton and Geller, 1993) and 
Chapman et al. (2012) suggested that ballast water traffic is the vector of introduction of O. 
griffenis.  
The introduction of free-living infective stages of parasites can lead to emerging diseases, 
a term used for a disease that appears for the first time in a host population, or a previously 
existing disease that suddenly increases in incidence or geographic range, or that manifests itself 
in a new way (Daszak et al., 2000). Due to the lack of co-evolutionary history of native host and 
invasive parasites, native naive host species may be particularly vulnerable to invasive parasites, 
resulting in negative effects on native host species, communities and even ecosystems. For 
example, the collapse of the native mud-shrimp Upogebia pugettensis on the west coast of North 
America (Dumbauld et al., 2011) with major consequences for the ecosystem such as food 
reduction for fish (Chapman et al., 2012) has been attributed to the introduction of the parasitic 
isopod O. griffenis with ballast water as discussed above. Ballast water can also be a vector for 
human pathogenic microorganisms and epidemic outbreaks (McCarthy and Khambaty, 1994). 
For example, in January 1991, a human cholera epidemic caused by Vibrio cholerae O1 was 
reported in Peru and rapidly spread to other countries in South America (DePaola et al., 1992; 
McCarthy et al., 1992). Half a year later, a similar strain of V. cholerae O1 was recovered from 
oysters and fish collected in Alabama (North America; DePaola et al., 1992), which turned out to 
have been transported via ballast water from South America (McCarthy et al., 1992).  
To summarize, free-living infective stages of parasites are found in ballast water but to 
what extent these parasites are introduced and become invasive in new ecosystems is largely 
unknown. In addition, our knowledge about the impacts of introduction of free-living infective 
stages of parasites on native communities is very limited and more studies in this direction are 
needed. 
 
Parasite co-introduction with host 
Besides becoming introduced as free-living infective stages, parasites can also be co-introduced 
with an invasive host species (Lymbery et al., 2014). In some cases, the co-introduced parasites 
establish and spread with their invasive host, but do not infect other native species (Fig. 2.1: IV 
Parasite co-introduction with host). In our literature survey, we found 48 cases of marine parasites 
reported to have been co-introduced with their invasive host (Tables 2.4 and 2.5). However, only 
a few of these parasites (n = 13, Table 2.4) have been documented to only use the invasive host 
species and no native host species in the introduced region (i.e. no spillover has occurred, see 
next section). This low number can at least partly result from uncertainties on the status of many 
invasive host (Carlton, 1996) and parasite (Gaither et al., 2013) species, because it is often not 
known whether they are introduced or not. This makes it often difficult to assess whether a 
parasite species is native, co-introduced or has already spilled over (next section). Identifying the 
native range of cryptogenic parasites (parasites whose origin is unknown) is especially 
challenging as their taxonomy is poorly resolved and fossil and historical records are scarce 
(Vignon and Sasal, 2010). However, the cryptogenic status of parasites can be determined by 
combining population genetics, phylogeography and ecological survey data (Blakeslee et al., 
2008; Gaither et al., 2013). For example, by using this multidisciplinary approach, Gaither et al. 
 
Chapter 2 
 
 
33 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
P
a
ra
si
te
  
ta
x
a
 
C
o
-i
n
tr
o
d
u
ce
d
  
p
a
ra
si
te
 s
p
e
ci
e
s 
In
v
a
si
v
e
 h
o
st
  
sp
e
ci
e
s 
In
v
a
si
v
e
 
h
o
st
 t
a
x
a
 
N
a
ti
v
e
  
ra
n
g
e
* 
In
v
a
si
v
e
 
ra
n
g
e
* 
H
o
st
 l
if
e
  
cy
cl
e
 s
ta
g
e
 
R
e
f.
 
P
ro
ti
st
a 
B
o
n
a
m
ia
 o
st
re
a
e 
E
u
ro
p
ea
n
 f
la
t 
o
y
st
er
  
(O
st
re
a
 e
d
u
li
s)
 
B
iv
al
v
ia
 
E
U
R
 
E
U
R
 
Si
n
gl
e 
h
o
st
 
1
 
R
h
iz
o
ce
p
h
al
a 
H
et
er
o
sa
cc
u
s 
d
o
ll
fu
si
 
Sw
im
m
in
g 
cr
ab
  
(C
h
a
ry
b
d
is
 lo
n
g
ic
o
ll
is
) 
C
ru
st
ac
ea
 
R
S
 
M
E
D
 
Si
n
gl
e 
h
o
st
 
2
,3
 
 
Sa
cc
u
li
n
a
 c
a
rc
in
i 
G
re
en
 s
h
o
re
 c
ra
b
  
(C
a
rc
in
u
s 
m
a
en
a
s)
 
C
ru
st
ac
ea
 
E
U
R
 
A
SI
 
Si
n
gl
e 
h
o
st
 
4
 
M
o
n
o
ge
n
ea
 
P
o
ly
la
b
ri
s 
cf
. m
a
m
a
ev
i 
R
ab
b
it
 f
is
h
  
(S
ig
a
n
u
s 
ri
vu
la
tu
s)
 
F
is
h
 
R
S
 
M
E
D
 
Si
n
gl
e 
h
o
st
 
5
 
 
H
a
li
o
tr
em
a
 lo
n
g
it
u
b
o
ci
rr
u
s 
B
lu
es
tr
ip
e 
an
d
 b
la
ck
ta
il
 
sn
ap
p
er
 (
L
u
tj
a
n
u
s 
sp
p
.)
 
F
is
h
 
P
O
 
N
A
M
 
Si
n
gl
e 
h
o
st
 
6
,7
 
 
H
a
li
o
tr
em
a
 p
a
te
ll
a
ci
rr
u
s 
B
lu
es
tr
ip
e 
an
d
 b
la
ck
ta
il
 
sn
ap
p
er
 (
L
u
tj
a
n
u
s 
sp
p
.)
 
F
is
h
 
P
O
 
N
A
M
 
Si
n
gl
e 
h
o
st
 
6
,7
 
 
H
a
li
o
tr
em
a
 c
o
n
f. 
a
n
g
u
if
o
rm
is
  
B
lu
es
tr
ip
e 
an
d
 b
la
ck
ta
il
 
sn
ap
p
er
 (
L
u
tj
a
n
u
s 
sp
p
.)
 
F
is
h
 
P
O
 
N
A
M
 
Si
n
gl
e 
h
o
st
 
6
,7
 
 
D
ip
le
ct
a
n
u
m
 f
u
si
fo
rm
e 
B
lu
es
tr
ip
e 
an
d
 b
la
ck
ta
il
 
sn
ap
p
er
 (
L
u
tj
a
n
u
s 
sp
p
.)
 
F
is
h
 
P
O
 
N
A
M
 
Si
n
gl
e 
h
o
st
 
6
,7
 
 
E
u
ry
h
a
li
o
tr
em
 s
p
ir
o
tu
b
if
o
ru
m
  
B
lu
es
tr
ip
e 
an
d
 b
la
ck
ta
il
 
sn
ap
p
er
 (
L
u
tj
a
n
u
s 
sp
p
.)
 
F
is
h
 
P
O
 
N
A
M
 
Si
n
gl
e 
h
o
st
 
6
,7
 
 
E
u
ry
h
a
li
o
tr
em
a
 c
h
ry
so
ta
en
ia
e 
B
lu
es
tr
ip
e 
an
d
 b
la
ck
ta
il
 
sn
ap
p
er
 (
L
u
tj
a
n
u
s 
sp
p
.)
 
F
is
h
 
P
O
 
N
A
M
 
Si
n
gl
e 
h
o
st
 
6
,7
 
T
re
m
at
o
d
a 
C
er
ca
ri
a
 b
a
ti
ll
a
ri
a
e 
A
si
an
 h
o
rn
sn
ai
l  
(B
a
ti
ll
a
ri
a
 a
tt
ra
m
en
ta
ri
a
  
(=
 c
u
m
in
g
i)
 
G
as
tr
o
p
o
d
a 
A
SI
 
N
A
M
 
1
st
 in
t.
 h
o
st
 
8
, 9
 
 
 
C
ry
p
to
co
ty
le
 li
n
g
u
a
 
C
o
m
m
o
n
 p
er
iw
in
k
le
  
(L
it
to
ri
n
a
 li
tt
o
re
a
) 
G
as
tr
o
p
o
d
a 
E
U
R
 
N
A
M
 
1
st
 in
t.
 h
o
st
 
1
0
 
V
ir
u
s 
O
st
er
o
id
 h
er
p
es
 v
ir
u
s 
ty
p
e 
I 
(O
sH
V
-1
 
μ
va
r)
 
P
ac
if
ic
 o
y
st
er
  
(C
ra
ss
o
st
re
a
 g
ig
a
s)
 
B
iv
al
v
ia
 
A
SI
 
N
A
M
 
Si
n
gl
e 
h
o
st
 
1
1
-1
5
 
T
a
b
le
 2
.4
 O
v
er
v
ie
w
 o
f m
ar
in
e 
p
ar
as
it
es
 t
h
at
 h
av
e 
b
ee
n
 c
o
-i
n
tr
o
d
u
ce
d
 w
it
h
 in
v
as
iv
e 
h
o
st
s,
 b
u
t 
n
o
t 
h
av
e 
b
ee
n
 r
ep
o
rt
ed
 (
y
et
) 
to
 s
p
il
l o
v
er
 t
o
 n
at
iv
e 
h
o
st
s.
 S
h
o
w
n
 
ar
e 
th
e 
ta
xa
 a
n
d
 t
h
e 
sc
ie
n
ti
fi
c 
n
am
e 
o
f t
h
e 
co
-i
n
tr
o
d
u
ce
d
 p
ar
as
it
e 
sp
ec
ie
s,
 t
h
e 
co
m
m
o
n
 a
n
d
 s
ci
en
ti
fi
c 
n
am
e 
(i
n
 b
ra
ck
et
s)
, t
h
e 
ta
xa
, t
h
e 
n
at
iv
e 
an
d
 i
n
v
as
iv
e 
ra
n
ge
 
o
f 
th
e 
in
v
as
iv
e 
h
o
st
 t
h
at
 c
o
-i
n
tr
o
d
u
ce
d
 t
h
e 
p
ar
as
it
e,
 t
h
e 
st
ag
e 
th
at
 t
h
e 
in
v
as
iv
e 
h
o
st
 o
cc
u
p
ie
s 
in
 t
h
e 
li
fe
 c
y
cl
e 
o
f t
h
e 
co
-i
n
tr
o
d
u
ce
d
 p
ar
as
it
e 
an
d
 t
h
e 
re
sp
ec
ti
v
e 
li
te
ra
tu
re
 s
o
u
rc
es
. 
R
e
fe
re
n
ce
s:
 1
) 
C
u
ll
o
ty
 e
t 
al
. (
1
9
9
9
);
 2
) 
G
al
il
 a
n
d
 I
n
n
o
ce
n
ti
 (
1
9
9
9
);
 3
) 
G
al
il
 a
n
d
 L
ü
tz
en
 (
1
9
9
5
);
 4
) 
B
o
sc
h
m
a 
(1
9
7
2
);
 5
) 
P
as
te
n
ak
 e
t 
al
. (
2
0
0
7
);
 6
) 
V
ig
n
o
n
 e
t 
al
. (
2
0
0
9
a)
; 
7
) 
V
ig
n
o
n
 
an
d
 S
as
al
 (
2
0
1
0
);
 8
) 
M
iu
ra
 e
t 
al
. (
2
0
0
6
);
 9
) 
T
o
rc
h
in
 e
t 
al
. (
2
0
0
5
);
 1
0
) 
B
la
k
es
le
e 
et
 a
l. 
(2
0
0
8
);
 1
1
) 
E
n
ge
ls
m
a 
(2
0
1
0
);
 1
2
) 
Se
ga
rr
a 
et
 a
l. 
(2
0
1
0
);
 1
3
) 
L
y
n
ch
 e
t 
al
. (
2
0
1
2
);
 1
4
) 
R
o
q
u
e 
et
 a
l. 
(2
0
1
2
);
 a
n
d
 1
5
) 
M
in
eu
r 
et
 a
l. 
(2
0
1
4
).
 *
 A
SI
 =
 A
si
a,
 E
U
R
=
 E
u
ro
p
e,
 M
E
D
=
 M
ed
it
er
ra
n
ea
n
, 
N
A
M
=
 N
o
rt
h
 A
m
er
ic
a,
 P
O
=
 P
ac
if
ic
 O
ce
an
, R
S 
=
 R
ed
 S
ea
. 
Parasites and marine invasions 
34 
(2013) confirmed the invasive status of the nematode Spirocamallanus istiblenni in the Hawaiian 
archipelago where it was introduced with Bluestripe snappers (Lutjanus kasmira) from French 
Polynesia and now spills over to native hosts (Gaither et al., 2013).  
Examples of co-introductions (without spillover) in marine ecosystems do, however, 
exist. For example, two snapper species (Lutjanus spp.) that were translocated from French 
Polynesia to the Hawaiian Islands in the 1950s to enhance local fisheries (Vignon et al., 2009a; 
Vignon and Sasal, 2010) have co-introduced six monogenean species that have not (yet) infected 
native hosts (Vignon et al., 2009a). Another example is the invasive Japanese mud snail, B. 
attramentaria (= cumingi) that co-introduced the trematode Cercaria batillariae to the Pacific 
coast of North America. Torchin et al. (2005) compared the trematode diversity and prevalence 
of the invasive with the native California horn snail Cerithidea californica and found that the 
invader was only infected with its co-introduced parasite, while the native mud snail was infected 
by ten native trematode species. While the parasite was using its introduced obligate host for the 
first part of the life cycle, it could still complete its life cycle in the introduced range via trophic 
transmission to native second intermediate and definitive hosts for which the relationship 
between host and parasite is less specific (Torchin et al., 2005).  
Co-introductions are also likely to occur via frequent shellfish aquaculture translocations. 
The European flat oyster (Ostrea edulis) is a good example that shows how increasing shellfish 
trade between Europe and North America led to the extended spread of the infamous shellfish 
disease bonamiasis caused by the haplosporidian protist Bonamia ostreae (Chew, 1990). In the 
1950s, healthy oyster stocks were introduced from the Netherlands and the UK to the Atlantic 
coast of North America (Balouet et al., 1983). As the population became established, the growing 
shellfish trade on the west coast of the USA triggered introductions of seed and adult oysters from 
the east coast to the Californian hatcheries. Presumably on the Pacific coast of North America, the 
oysters became infected with the blood cell parasite before being transported to France (Elston 
et al., 1986), introducing Bonamia to Europe, where it rapidly developed into an emerging 
infectious disease, killing large quantities of European flat oysters (Culloty et al., 1999). In Europe, 
the parasite did not spill over to native bivalves and these species could also not experimentally 
be infected, indicating that these species are not responsible for the spread of the disease in 
Europe (Culloty et al., 1999).  
The example of bonamiasis shows that co-introductions of parasites without a spillover 
to native hosts may have important ecological implications, for example in the form of strong 
regulative effects on the population dynamics of the invader. Parasite co-introductions may also 
affect competitive interactions between native and invasive hosts. This will depend on the 
harmfulness (virulence) of the parasite that is co-introduced as this determines whether an 
invasive host will have a reduced fitness when infected. Also, the infection levels of the native 
species with native parasites and the relative infection intensity and virulence of both invasive 
and native parasites in invasive and native hosts will determine the degree of competition and 
resulting impacts on native communities and ecosystems. However, these complex ecological 
implications of parasite co-introductions have not been studied.  
In conclusion, while co-introductions of parasites without a spillover to native hosts are 
known to occur, in particular in the course of fishery and aquaculture activities, our knowledge 
on the ecological effects of such introductions for both invasive populations and native 
communities is very poor. 
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Co-introductions of parasites and spillover to native hosts 
Besides infecting their original hosts, co-introduced parasites can also spill over to naive native 
species (Fig. 2.1: V Parasite spillover; Prenter et al., 2004; Kelly et al., 2009). To spill over, co-
introduced parasites have to encounter a competent host to make a potential host switch to native 
species. Spillover events often lead to emerging diseases in native hosts (Daszak et al., 2000). 
From the known 35 co-introduced marine parasite species that have been reported to spill over 
to native host species (Table 2.5), 37% of the species are microparasites and 63% are 
macroparasites, originating from 14 different parasite taxa (Table 2.5;  Fig. 2.2B). From the 
invasive macroparasites, the Monogenea (20%) and Copepoda (17%) where the most dominant 
taxa (Table 2.5; Fig. 2.2B). The majority of the parasite species (26) has a direct life cycle (Table 
2.5), which makes invasion more likely, as these parasites do not depend on the presence of all 
hosts of their lifecycle to become established (Elsner et al., 2011). However, also parasites with 
indirect life cycles (9) succeed to infect native host species. These parasites manage to establish  
new life cycles in the introduced region in which they make use of co-introduced invasive hosts, 
but also new suitable native host species. For example, the acanthocephalan Paratenuisentis 
ambiguus was co-introduced with its crustacean intermediate host (Gammarus tigrinus) that was 
introduced to replenish depleted stocks of native gammarids in a river system in Europe 
(Taraschewski et al., 1987). Via the introduced intermediate host, the parasite infected the native  
European eel (Anguilla anguilla) that served as the definitive host of the parasite in the new 
region. Hence, this introduced host does not only serve as a source of infection, but also has a role 
in the newly established life cycle of the parasite and without this double role of the host, the 
parasite most likely would not have become established.  
Looking at the introduction vector of the invasive parasites mentioned in Table 2.5 in 
more detail, most parasites were introduced with fish hosts (54%), followed by molluscs (34%: 
bivalves 23%, gastropods 11%) and crustaceans (11%) and, after spillover events, these host taxa 
were also the most infected in invaded habitats (fish 63%, molluscs 29%, crustaceans 6%). This 
pattern is probably related to the frequency of host introductions via aquaculture or fishing 
practices (80% of the host introductions; Table 2.5), such as re-stocking of wild populations, the 
moving of life organisms for aquaculture, live bait and human consumption. Because of these 
human-aided introductions, parasite spillover can affect both hosts in the wild and hosts in 
aquaculture settings (Dunn, 2009). For example, some aquaculture practices like net pen farming 
facilitate the exchange of parasites between cultured and wild animal populations without direct 
contact between hosts (Kent, 2000). In general, parasite species were established via multiple 
introductions of one or multiple host species originating from similar or different taxa, but the 
total number of invasive hosts that co-introduced a parasite species never exceeded two (Table 
2.5; Fig. 2.3). The number of native hosts infected per spillover event, in contrast, was higher: in 
some cases more than ten different native host species were infected by an introduced parasite 
species (Table 2.5; Fig. 2.3). A good example is the eel nematode Anguillicola crassus that has 
infected seven different eel species on four different continents via the global eel trade, causing 
severe damage to the swim bladder of the eels, which resulted in significant mortality in most eel 
species (Barse et al., 2001; Køie, 1991; Kvach and Skóra, 2007; Sasal et al., 2008).  
Direct impacts on native species as a result of spillover events are frequently observed 
and often referred to as emerging diseases. One of the most frequently documented effects of 
spillover is mortality of native hosts, a direct impact of at least 15 parasites species on our list 
(Table 2.5). For example, the monogenean Nitzschia sturionis was co-introduced with the starry 
sturgeon (Acipenser stellatus) from the Caspian Sea to the Aral Sea and caused severe mass 
mortalities of  the native  bastard   sturgeon (Acipenser nudiventris) in 1935–1936 and 1970. The         
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Fig. 2.3 Frequency distribution of the number of introduced hosts that co-introduced a parasite species 
that spilled over to native hosts (black) and the number of native hosts the co-introduced parasite spilled 
over to (grey). 
 
parasite infected the gills of the fish, causing the fish to die on the beaches (Dogiel and Lutta, 1937 
in Bauer et al., 2002). For more knowledge about disease related mass mortalities among natural 
populations of a variety of taxa in marine systems, see the reviews of Harvell et al. (1999) and Fey 
et al. (2015). Other parasite species that have spilled over have more subtle direct effects, such as 
impacting the health and fitness of the host, for instance by castrating the host (Farrapeira et al., 
2008; Torchin et al., 2005), causing reductions in growth (Chew, 1990; Culver and Kuris, 2004) 
or damaging important tissues (Balseiro et al., 2006; Køie, 1991; Morozińska-Gogol, 2009). In 
addition, infections can weaken the immune system, which can lead to secondary infections by 
parasites (Lahvis et al., 1995). 
Introduced parasites that have spilled over to native hosts also exert indirect impacts on 
the native host community via density-mediated effects and can thereby determine co-existence 
outcomes for competing species (Hatcher et al., 2006; Dunn et al., 2012). For instance, the smooth 
cordgrass (Spartina alterniflora) originating from North America was intentionally introduced to 
the Yangtze River estuary of China to promote sediment accretion on the tidal flats. As a result, 
the fungus Fusarium palustre was co-introduced, spilled over to and caused die-off of native reed 
(Phragmites australis). In this system, the invasive plant acted as the source of infection and as a 
reservoir by maintaining the parasite population, resulting in apparent competition between  
both hosts (Li et al., 2014). Invasive parasites can also exert trait-mediated effects, for example 
by indirectly altering trophic relationships in the community. An example is the invasion of the 
rhizocephalan barnacle Loxothylacus panopaei that infects native flat back mud crabs 
(Eurypanopeus depressus). This parasite was presumably co-introduced with infected mud crabs 
(species unknown) in oyster batches that were translocated from the Gulf of Mexico to  the 
Chesapeake Bay (North America) in the mid-1960s (Van Engel et al., 1966). In a controlled lab 
experiment, parasitized crabs consumed significantly fewer mussels than unparasitized crabs. 
Eventually, this may result in trophic changes in intertidal oyster reef systems as predator-prey 
Parasites and marine invasions 
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relationships in the system have been modified because of a release in crab predation intensity 
on mussels (O'Shaughnessy et al., 2014). 
Direct and indirect effects of parasite spillover can also propagate to  varying degrees 
through food webs and can thereby induce a trophic cascade, affecting the community and 
ecosystem on a large scale (Hatcher et al., 2012). An infamous example are the Australasian 
pilchard (Sardinops sagax) mortalities in Australia and New Zealand in 1995 and 1998–1999 that 
were caused by a herpesvirus that was co-introduced with imported bait fish (10,000 tons per 
annum of S. sagax and a mix of bycatch species including clupeid fish from the Americas and 
Japan; Jones et al., 1997a; Whittington et al., 1997, 2008). The Pilchard herpesvirus (PHV) caused 
lesions in the gills of the pilchards, causing them to swim slowly and erratically before sinking or 
washing ashore (Hyatt et al., 1997; Whittington et al., 1997). The virus spread with a speed of 
more than 12,000 km/year along the Australian coast, thereby exceeding the swimming speed of 
the pilchards, but making use of the ocean's three-dimensional nature, currents and eddies 
(McCallum et al., 2003). Pilchards used to represent ~60% of the diet of gannets, but after the 
mass mortality events (estimates ranged as high as 75%; Gaughan et al., 2000) only ~5% of the 
gannet diet consisted of pilchard (Bunce and Norman, 2000). As a result, gannets had to switch 
to a species of snake mackerel as main prey item, a food source that presumably has lower 
nutritional qualities than pilchard. The consequences are that greater foraging effort and food 
consumption are required, which may ultimately affect the reproductive success and survival of 
gannets (Bunce and Norman, 2000). This effect has already been shown for a different bird 
species in Australia, the little penguin Eudyptula minor. Pilchard is such an important food source 
for the penguins that there is indication that an early onset of egg laying is triggered by the 
abundance of pilchards in the diet of these birds (Collins et al., 1999). The mass mortalities of 
pilchard therefore caused massive starvation of the penguins, leading to a two-week delay in 
breeding, a reduction in offspring numbers and increased mortality of the birds (Dann et al., 
2000). 
To summarize, co-introductions of parasites with invasive hosts that then spill over from 
invasive to native hosts frequently occur. Parasite spillover events have been shown to pose 
strong direct (i.e. mass mortalities) and indirect effects (i.e. parasite-mediated competition) that 
may even propagate through entire food webs. Of all the mechanisms discussed above, empirical 
evidence is strongest for parasite spillover and therefore this mechanism is of great importance 
in assessing the risk of invasive species introductions. However, more work is needed to quantify 
the diverse impacts of parasite spillover events on native ecosystems. 
 
Interference with parasite transmission 
Invasive species do not have to serve as a host or be a parasite to affect native parasite -host 
interactions. Instead, they can interfere with the transmission process between native hosts of 
parasites with complex life cycles (Kelly et al., 2009; Poulin et al., 2011). This mechanism has 
similarities with the dilution effect observed for parasites with frequency-dependent 
transmission, where an increase in the number of low-competent host species can reduce 
parasite establishment  (Dobson, 2004). The  dilution effect hypothesis was originally developed 
for vector-borne diseases like Lyme disease, suggesting that an increase in biodiversity could 
reduce disease risk for target host species (Keesing et al., 2006; Ostfeld and Keesing, 2000). Two 
assumptions are crucial for this hypothesis:   1) the additional (i.e. invasive) host is not of higher 
competence than the main host species and 2) interspecific transmission is less than intraspecific 
transmission  (Telfer and Brown, 2012).  However, vector-borne  diseases  appear to be less com- 
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mon in marine than in terrestrial ecosystems, although this may partly be due to a scarcity in 
studies on potential marine vectors (McCallum et al., 2004).  
For macroparasites with free-living infective stages in between sequential hosts, 
interference of invasive species with the transmission process can act via a variety of 
mechanisms, ultimately resulting in a reduction of disease risk for native species (Fig. 2.1: VI 
Transmission interference, Table 2.6). These mechanisms mainly work via reducing encounter 
rates with suitable hosts (Combes, 2001), but can also involve the compatibility of the host. First 
of all, invasive hosts can be completely unsuitable for the parasite (R0 = 0), but still attract 
infective stages that fail to infect or to reproduce and thus act as a decoy, removing infective 
stages from the system (Johnson and Thieltges, 2010; see also section Parasite spillback). Second, 
invasive species might act as a dead-end host for a parasite with a complex life cycle. In this case 
the invader can become infected but then the life cycle of the parasite is disrupted, as the invasive 
host is not consumed by native definitive hosts and thus trophic transmission is inhibited 
(Johnson and Thieltges, 2010). This is for example the case for the Pacific oyster (Crassostrea 
gigas) that is infected by the native trematode Renicola roscovita in northwest Europe, but is 
hardly consumed by native bird species that serve as definitive hosts for the parasite (Krakau et 
al., 2006). Other mechanisms act on the encounter probability by directly killing the parasites 
before they have the chance to infect the invader (Poulin et al., 2011). This is the case when 
invasive species prey on free-living stages of native parasites, including active predation as well 
as predation by filter and suspension feeders (Thieltges et al., 2008a). For example, the invasive 
brush clawed shore crab Hemigrapsus takanoi can reduce the number of free-living infective 
stages of cercariae of the native trematode H. elongata by 55% via active predation (Welsh et al., 
2014). Finally, invasive species can also interfere with transmission via physical and chemical 
barriers (Johnson and Thieltges, 2010). For example, parasites can get entangled in invasive  
algae, which reduce the encounter rates of the parasite with the host. This was shown for free-
living stages of the trematode Himasthla elongata that became entangled in the invasive seaweed 
Sargassum muticum, which in this way physically interfered with the transmission to the second 
intermediate host, the blue mussel Mytilus edulis (Welsh et al., 2014). Similarly, native labrid fish 
that spend their whole life living in and around the invasive seaweed Caulerpa taxifolia are 
infected with fewer parasites than fish that live on sites that have not yet been invaded by this 
species of green algae, presumably due to secondary metabolites released by C. taxifolia (Bartoli 
and Boudouresque, 1997).  
The interference of invaders with the transmission of native parasites can have important 
implications for native host and parasite species. For example, two invasive mollusc species, the 
Pacific oyster (C. gigas) and the American slipper limpet (Crepidula fornicata), significantly 
reduced parasite load in native blue mussels (M. edulis, Thieltges et al., 2009a). By acting as a 
predator of free-living infective stages (cercariae) of trematodes, both species create a density-
dependent transmission reduction: The higher the densities of invasive species the stronger the 
reductions in parasite loads in blue mussels, a situation that is of relevance in natural settings 
where invaders typically increase in numbers after their introduction (Thieltges et al., 2009a). 
The native parasite species that naturally infects blue mussels as metacercariae (H. elongata), 
negatively affects its host by causing reductions in growth and filtration rates (Stier et al., 2015; 
Thieltges, 2006) and disruptions in byssus thread production, increasing the risk for mussels to 
be detached from their substratum (Lauckner, 1983). Furthermore, effects of metacercarial  
stages on hosts generally act in a density dependent matter (Fredensborg et al., 2004; Thieltges, 
2006) and therefore dilution by invasive species directly reduces the disease risk for native 
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species. How this mechanism indirectly mediates competition between native and invasive host 
species is still an open question.  
In conclusion, invasive species do not have to serve as a host or be a parasite to affect 
native parasite-host interactions. Empirical evidence shows that invasive species can hamper 
transmission of native parasites with complex life cycles via a variety of mechanisms. However, 
how this interference causes direct and indirect effects on parasite-host interactions is still a topic 
for future studies. 
 
Evolutionary implications of parasite and host invasions 
In addition to a multitude of ecological impacts, biological invasions will also alter the fitness 
landscapes of interacting species and should thus lead to evolutionary adaptation of both hosts 
and parasites. First of all, the initial translocation reduces genetic variation that can crucially  
influence invasion success (Roman and Darling, 2007), because lower genetic diversity limits the 
evolutionary potential to adapt to newly encountered environmental conditions (Barrett and 
Schluter, 2008). Despite reduced genetic variation, successful invasions may either still  harbour 
sufficient amounts of genetic variation for invasive species to adapt (Facon et al., 2006) or show 
high phenotypic plasticity (Yeh and Price, 2004; Lucek et al., 2014). While a reduction in genetic 
variation has been generally observed for invasive species (Estoup et al., 2001),  invasions in the 
marine realm are often not characterized by reduced genetic variation (Roman, 2006; Roman and 
Darling, 2007). Marine invasive species often establish through multiple introductions and are 
thereby ‘diluting’ initial founder effects (Rius et al., 2014).  
However, much less is known about genetic diversity and structure of invasive parasites. 
While translocations of invasive species can, in principle, also homogenize genetic structure of 
parasite populations (Zarlenga et al., 2014), the genetic structure of invasive parasites has only 
rarely been studied — especially in marine ecosystems. On theoretical grounds, the effect of 
genetic bottlenecks should be amplified for co-introduced parasites unless parasite genetic 
diversity within each introduced host is high. An example showing reduced genetic variation of 
parasites in invaded ranges is the nematode Anguillicola crassus, which shows lower genetic 
variation after spilling over to native European eels Anguilla anguilla infesting their 
swimbladders, supporting the assumption of reduced genetic variability in invaded ranges 
(Wielgoss et al., 2008). Similarly, ostreid herpesviruses show higher genotypic diversity in East  
Asia, presumably the region of origin, and a lower diversity in Europe (Mineur et al., 2014). 
Although both examples support reduced genetic variation in the invaded range, both species 
successfully spilled over after invasion, indicating that low genetic diversity in introduced ranges  
does not necessarily influence traits underlying host-parasite interactions or invasion success of 
parasites.  
Once a host or parasite invasion is successful, it should alter selective pressures and 
different predictions for adaptive responses can be made depending on the role of parasites and 
hosts in the invasion (Fig. 2.1). Empirical evidence demonstrating such changes in selective 
regimes or adaptive responses resulting from them are however scarce in the context of invasions 
and especially in marine systems. For example, parasite release or reduction (I) relaxes selection 
pressure on the invasive host, while transmission interference (VI) relaxes selection on the native 
host, because both processes lead to lower infection rates. If expression of traits previously 
experiencing selection is costly, a loss of the trait is frequently observed (Lahti et al., 2009). If host 
resistance traits become neutral, direct responses to relaxed selection pressure will be hard to 
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observe because they will mainly be subject to genetic drift. If host resistance traits are costly, 
however, compensatory release will potentially benefit invasive hosts via parasite release 
(Colautti et al., 2004) or transmission reduction. Such a shift in selective regimes may release 
other traits like fecundity or size from evolutionary canalization (Lee, 2002) as hosts do not need 
to allocate energy towards defence against parasites (Maron et al., 2004). For parasites, on the 
other hand, transmission reduction would select for avoidance of dead ends in unsuitable hosts,  
probably leading towards selection for generalism.  
Parasite spillback (II) and spillover (V) on the other hand, should increase selection 
pressure on native hosts since infection rates will increase. Especially in spillover scenarios, 
native hosts will be confronted with new parasites that do not share any co-evolutionary history.  
If parasite spillover results in emerging diseases, the lack of co- evolutionary history before 
invasion can lead to strong effects on host populations, e.g. mass mortalities that are particularly 
common in the marine environment (Fey et al., 2015), but have only rarely led to research on 
associated evolutionary change (e.g. host adaptation: Wendling and Wegner, 2015; enemy 
release: Friedman et al., 2014).  
Mass mortalities of infected hosts will not only lead to strong selection on native host 
populations, but can also result in selection on the invasive parasite. After spilling over into 
European eels, the nematode A. crassus rapidly evolved higher infectivity and faster development 
in its new host species, which could potentially explain the high levels of virulence that were 
observed after the invasion (Weclawski et al., 2014). Parasite induced mass mortalities will 
substantially reduce host density and limit the scope of future transmission. Maximizing 
transmission might therefore rather select for optimal host exploitation rather than maximal 
virulence. The initial mass mortalities associated with the invasion of the intestinal copepod 
parasite Mytilicola intestinalis (Korringa, 1968; Meyer and Mann, 1950; Cole and Savage, 1951; 
Theisen, 1966) in combination with low virulence and low mortality rates in contemporary host-
parasite combinations could potentially reflect such an adaptive decrease in virulence, but tests 
of this hypothesis are lacking.  
During parasite co-introductions with hosts (IV), interactions of host and parasite 
genotypes with the new environment (G × E interactions) will shape selective landscapes. Here, 
stronger G × E interactions could be expected for hosts, as they are more directly exposed to the 
environment than parasites, for which the internal environment of the host changes to a lesser 
degree (Lazzaro and Little, 2009; Mitchell et al.,  2005). However, during initial stages of a co-
introduction, host density for the parasite might be too low, and may thus also select for more 
generalist parasite genotypes, potentially leading to spillover to native hosts. Again, empirical 
support for such changes in selective regimes is lacking in marine systems.  
While it is safe to assume that selection pressures will be asymmetric between hosts and 
parasites, the response of hosts and parasites will depend on how trait values of hosts (resistance, 
tolerance) and parasites (infectivity, transmission, virulence) can be translated into fitness in 
each specific case. Traits associated with infectivity (Weclawski et al.,  2013; Weclawski et al., 
2014) and transmission (Kelehear et al., 2012) were shown to evolve rapidly in invasive parasite 
populations. Evolution of both traits reflects selection pressures due to low host density (Phillips 
et al., 2010) that translates into longer periods of free-living infectious stages spent outside the 
host. Survival of infective stages can therefore evolve rapidly (Kelehear et al., 2012).  
Besides co-introducing parasites to their new range, invasive hosts are also often 
confronted with native parasites in the introduced range that will exert selection on the invader 
(e.g. Kelehear et al., 2012). Rapid evolution of host resistance against these newly encountered 
parasites will increase host fitness and may be a decisive factor prolonging invasion success. 
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Especially, when generalist parasites are encountered a fast evolutionary response will be 
adaptive (Roth et al., 2012). A prominent example for strong selection by opportunistic parasites 
are mass mortalities of invasive Pacific oysters (C. gigas) that are associated with bacterial 
infections of native Vibrio spp. (Lacoste et al., 2001; Wendling and Wegner, 2013). The rapid 
evolution of resistance against a wide variety of Vibrio bacteria within only a few generations in 
two independent invasions of Pacific oysters into the Wadden Sea, illustrates the rapid 
evolutionary dynamics of host-parasite co-evolution during species invasions (Moehler et al., 
2011; Wendling and Wegner, 2015).  
Although the importance of evolutionary adaptation for biological invasion receives 
increasing attention (Colautti and Barrett, 2013), the limited numbers of studies discussed above 
indicate that the rapid evolutionary dynamics resulting from host-parasite interactions have 
largely been ignored. Especially in the marine realm that is characterized by frequent episodes of 
disease associated mass mortalities (Fey et al., 2015), these dynamics may play a decisive role 
and should be integrated into a coherent framework of eco-evolutionary implication of species 
invasions. 
 
Summary and outlook 
In order to provide a conceptual framework for studying the role of parasites and their hosts in 
marine invasions, we have reviewed recent theoretical developments in invasion ecology and 
linked them with empirical studies from marine ecosystems. This resulted in the identification of 
six mechanisms in which invaders directly or indirectly affect parasite-host interactions. These 
six mechanisms generally differ in their ecological and evolutionary consequences for invasive 
and native hosts and parasites (Fig. 2.4).  
Invasive and native hosts are generally effected by parasites either via direct effects on 
individual hosts (and subsequently host populations) or via indirect effects that act on a 
community level (Dunn et al., 2012). In many of the studies reviewed here, parasites exerted a 
negative direct effect on the fecundity, body condition and/or survival of native and invasive  
individual hosts. This results in lower overall fitness and lower abundances of the affected host 
species (Tompkins et al., 2011) and thereby also in altered selective impacts and evolutionary 
trajectories. Alternatively, parasites can induce indirect effects with influence on the community 
level in at least two ways: via density-mediated and via trait-mediated indirect effects (Dunn et 
al., 2012; Hatcher et al., 2006). Density-mediated indirect effects can be caused by parasites that 
mediate the (resource or interference) competition between a native and an invasive host 
(parasite-mediated competition), whereby the parasite negatively affects one host but not the 
other, thus altering the outcome of competition (Dunn et al., 2012; Hatcher et al., 2006). In 
addition, in some cases, when invasive and native species are not in direct resource competition, 
their shared parasite species may still mediate the interaction between both species via apparent 
competition (Holt and Pickering, 1985). This form of competition can lead to exclusion of one of 
the two species, but also to co-existence, for example if the dominant competitor is more strongly 
affected by the parasite than the competitively inferior species (Hatcher et al., 2012). 
Alternatively, parasites can also exert trait-mediated indirect effects (TMIEs; based on trait-
mediated interactions, see Werner and Peacor, 2003) through their effects on host behaviour or 
other traits that ultimately may modify the outcome of competitive and trophic interactions 
between invasive and native species (Dunn et al., 2012; Hatcher et al., 2006). For example, for pa-  
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Fig. 2.4. Overview of ecological (Eco.) and evolutionary (Evo.) implications of the six mechanisms for 
invasive and native hosts and parasites. For legend of symbols, see Fig. 2.1. NA = not available data. 
Chapter 2 
 
 
47 
rasites with complex life cycles that make use of trophic transmission, it has been shown that they 
often change their host's behaviour in a way that increases their changes to be transmitted to the 
down-stream host (reviewed in Lefèvre et al., 2008). The relative role of these direct and indirect 
effects of parasites on their hosts conceptually differs among the six mechanisms and between 
native and invasive hosts (Fig. 2.4). However, at this stage the table remains largely conceptual 
as our review of the literature indicates that there is a strong lack in empirical studies on the more 
complex indirect effects of parasites in marine invasions. In particular, studies using experimental 
approaches will be needed to unravel the full magnitude of ecological and evolutionary 
implications of parasite-mediated effects in marine invasions.  
The six different mechanisms also have different implications for native and invasive 
parasites (Fig. 2.4). While some mechanisms can result in an amplification of parasite populations 
(e.g. parasite spillback) others may lead to a reduced transmission and a decrease in parasite 
population size (e.g. transmission interference). Likewise, the evolutionary implications differ 
among the six mechanisms and between native and invasive parasites. However, like with the 
implications for hosts, the table currently remains largely conceptual as empirical studies are 
rare. More studies, in particular ones that integrate the evolutionary effects of altered selective 
landscapes on parasite-host interactions, are needed to understand the ecological and 
evolutionary implications of marine invasions for parasites and the subsequent effects on their 
host populations and communities.  
In addition to affecting parasite and host populations and communities as well as their 
selective landscapes, invasions of parasites and hosts may also affect entire food webs. The role 
of parasites in food webs has recently gained increasing attention (Lafferty et al., 2006; Lafferty  
et al., 2008; Lafferty and Kuris, 2009; Marcogliese and Cone, 1997; Thieltges et al., 2013a,b) and 
Britton (2013) suggested that introduced species and their parasites may increase connectivity 
and complexity of food webs via introducing new nodes and links, ultimately affecting entire  
ecosystems. For example, when an invader acts as a competent host for a native parasite, new 
links between the invader and parasites are formed, that may increase food web connectance and 
nestedness (Britton, 2013). In addition, via trait-mediated effects of the invader, feeding 
interactions and their strength might change, resulting in changes in the quantitative food webs 
(Britton, 2013). Indeed, the only existing study from a sub-Arctic freshwater lake system suggests 
that the addition of two invasive pelagic fish species and their parasites to the food web has 
caused an increase in connectance and nestedness of the food web (Amundsen et al., 2013). 
However, similar studies for marine food webs are non-existing, and new species invasions may 
create interesting research opportunities in food web topology for the future.  
In conclusion, the manifold roles of parasites and their hosts in marine invasions can 
result in substantial effects on natural communities and ecosystems via i) catastrophic mass 
mortalities of native populations creating strong selection gradients (emerging diseases),  ii) 
indirect changes in species interactions within communities and iii) trophic cascading and knock-
on effects throughout the food web that may affect ecosystem functioning and services. Our 
review also demonstrates a wide range of other ecological and evolutionary implications of 
marine invasions for parasite-host interactions and suggests that parasite-mediated impacts 
should be integrated in assessing the risks and consequences of biological invasions. 
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Abstract 
Species invasions do not only impact native ecosystems by competition and predation, but can 
also alter parasite-host interactions. Alien species can co-introduce parasites that spill over to 
native host species (parasite spillover), be competent hosts for native parasites amplifying 
parasite populations (parasite spillback) or interfere with native parasite transmission as non- 
hosts (transmission interference), affecting the disease risk for native host species. In this study, 
we investigated the effects of the invasion of Pacific oysters (Crassostrea gigas) on the distribution 
and abundance of parasites in native mussel (Mytilus edulis) and invasive oyster hosts across a 
large coastal ecosystem, the European Wadden Sea. Using a hierarchical sampling design with 
three spatial scales (region, mussel/oyster bed, plot) we found strong differences in infection 
levels of five invasive or native macroparasite species associated with spillover, spillback and 
transmission interference across the Wadden Sea, suggesting the associated impacts on native 
hosts to spatially vary accordingly. The variability in parasite occurrence and abundance differed 
among spatial scales and was generally parasite and host specific, indicating different underlying 
processes. This was supported by mixed effects models which identified different biological and 
environmental drivers of parasite occurrence and abundance among parasite and host species, 
with only host length, mussel abundance and macroalgal Fucus vesiculosus cover on beds 
contributing to several of the best models. Interestingly, oyster density was only included in 2 out 
of 12 models suggesting only a minor effect of invasive oysters on current infection patterns. Our 
study shows that patterns and processes of parasite spillover, spillback and transmission 
interference as the result of human-mediated host introductions depend on spatial scale, and the 
parasite and host species involved, which has implications for the assessment of the associated 
impacts on invaded ecosystems.   
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Introduction 
Over the last decades, global trade and connectivity have expanded enormously leading to an 
unprecedented introduction of species to new ecosystems (Vitousek et al., 1996; Mack et al., 
2000; Bax et al., 2003). Besides the well documented impacts on competition with and predation 
on native species, it is increasingly recognised that species introductions can also alter parasite-
host interactions in invaded ecosystems in manifold ways. For example, with many introduced 
organisms their native parasites can be co-introduced to recipient ecosystems (Daszak et al., 
2000; Taraschewski, 2006; Lymbery et al., 2014). These introduced parasites may spill over from 
introduced to naïve native host species (parasite spillover; Power and Mitchell, 2004; Prenter et 
al., 2004; Kelly et al., 2009), potentially leading to emerging diseases (Daszak et al., 2000) and/or 
mass mortalities of native populations (reviewed by Goedknegt et al., 2016). In turn, native 
parasites might infect introduced host species in their new range which may alter the disease risk 
for native species if competent introduced hosts amplify transmission rates, resulting in 
increased infection levels in native host populations (parasite spillback; Kelly et al., 2009; Poulin 
et al., 2011; Telfer and Brown, 2012). Alternatively, introduced host species may be non-
competent hosts for native parasites and instead interfere with transmission processes by 
removing free-living infectious stages of native parasites from the environment (e.g. by means of 
predation or being dead-end hosts; transmission interference; Johnson and Thieltges, 2010; 
Goedknegt et al., 2016). This can lead to a reduced disease risk for native host species, a 
phenomenon similar to dilution effects observed in vector-borne diseases (Keesing et al., 2006).  
While these invasion-driven alterations of parasite-host interactions have recently been 
well conceptualised, studies investigating the effects of host invasions on the actual distribution 
and abundance of invasive and native parasites in invaded ecosystems are still rare. Parasite 
spillover, spillback and transmission interference can simultaneously occur in a single invasion 
process (Goedknegt et al., 2016), but their effects may spatially vary causing geographical 
heterogeneity in parasite distributions with important implications in regard to their impact o n 
native ecosystems. While such spatial heterogeneities have been frequently observed in native 
parasite-host relationships (Thieltges and Reise, 2007; Wilson et al., 2011; Byers et al., 2008, 
Galaktionov et al., 2015; Stringer and Linklater, 2015), similar studies on infection patterns 
resulting from host and parasite introductions are largely missing. A broad range of spatial 
variability in infections can be captured by assessments on large, nested spatial scales, as 
previously shown for epidemiological and ecological studies (i.e. Jackson et al., 2006; Werneck et 
al., 2007; Byers et al., 2008). Such hierarchical sampling schemes allow to identify and compare 
spatial patterns of infections in introduced and native hosts on a variety of spatial scales, which 
is pivotal information for the assessment of the associated impacts on invaded ecosystems.   
Large-scale hierarchical sampling schemes also allow to investigate the processes driving 
patterns in the distribution and abundance of parasites in introduced and native hosts, as drivers 
of parasite infection levels usually operate simultaneously at several spatial levels (Werneck et 
al., 2007). From existing studies on native parasite-host relationships and on parasite spillover, 
spillback and transmission interference several potential drivers of infection patterns can be 
identified. Host competence is the driving factor of parasite spillover, spillback and transmission 
interference (Kelly et al., 2009; Poulin, 2011; Telfer and Brown, 2012) and the availability of (non) 
competent hosts can be expected to determine infection levels of native and invasive parasite 
species. In addition to host competence, host population densities affect parasite infection levels 
across a wide range of parasite and host taxa (Arneberg, 1998; Thieltges and Reise, 2007; 
Galaktionov et al., 2015; Stringer and Linklater, 2015; Searle et al., 2016), and for parasite 
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dynamics may be as important as host competence (Paterson et al., 2011; Searle et al., 2016). In 
addition, host density can be used to estimate parasite densities (i.e. numbers of individuals per 
unit surface; Bush et al., 1997), allowing to evaluate the share of two competent host species in 
the total parasite population (e.g. in spillover and spillback scenarios). Other factors driving the  
parasite distribution and abundance in introduced and native hosts may be host size (Mouritsen 
et al., 2003; Thieltges and Reise, 2007), the supply of free-living infective larvae (often 
approximated via upstream host densities for parasites with complex life cycles; Byers et al., 
2008; Wilson et al., 2011; Galaktionov et al., 2015), the presence of other species interfering with 
parasite transmission in the vicinity (e.g. macroalgae laying on top of the bivalves; Johnson and 
Thieltges, 2010; Welsh et al., 2014), and environmental variables such as temperature , salinity 
and tidal exposure (Fingerut et al., 2003; Pietrock and Marcogliese, 2003; Poulin, 2006b). Of all 
these potential drivers of patterns in parasite distribution and abundance, the influence of 
biological factors may be more local, while environmental drivers have been suggested to act on 
larger regional scales (Thieltges, 2009b; Byers et al., 2008).  
A good model system to study patterns and processes of parasite spillover,  spillback and 
transmission interference as the result of human-mediated host introductions is the invasion of 
the Pacific oyster (Crassostrea gigas) along north western European coasts. This bivalve was 
introduced to Europe in the 1960s to replenish native oyster stocks for aquaculture purposes 
(Troost, 2010), and now oyster populations co-occur with native blue mussels (Mytilus edulis) in 
dense bivalve beds situated on intertidal mudflats (Reise, 1998; Troost, 2010; Ruesink et al., 
2005; Buschbaum et al., 2016).  Pacific oysters co-introduced the invasive parasitic copepod 
Mytilicola orientalis that spilled over to native blue mussels (Pogoda et al., 2012; Goedknegt et al., 
2017). This copepod has a direct life cycle and inhabits the intestines of its host, causing 
reductions in the condition of mussels (Chapter 7), but no effects in oysters (Katkansky et al., 
1967; Steele and Mulcahy, 2001). A congeneric parasitic copepod species, M. intestinalis, has been 
infecting native mussels since its introduction to the region 80 years ago (Caspers, 1939; Hockley, 
1951; Korringa, 1968), but does not seem to infect invasive oysters, making the Pacific oyster a 
potential sink for M. intestinalis populations (Elsner et al., 2011; Goedknegt et al., 2017). Likewise, 
the Pacific oyster is a not a competent host for the native trematodes Himasthla elongata and 
Renicola roscovita (Thieltges et al., 2008b; Welsh et al., 2014; Goedknegt et al., 2015). Instead, the 
oyster interferes with the transmission between the first intermediate host (snails) to its second 
intermediate host (bivalve), preventing the parasite species to complete their life cycle in birds, 
the definitive host of both trematodes (Thieltges et al., 2008b, 2009a; Welsh et al., 2014; 
Goedknegt et al., 2015). Finally, for the shell boring polychaete Polydora ciliata, which infects 
native blue mussels (M. edulis) and common periwinkles (Littorina littorea), invasive Pacific 
oysters act as a new competent host species (Thieltges et al., 2006), potentially increasing 
infection levels in native mussels (parasite spillback). The occurrence of invasive oysters across 
large spatial scales, their sessile life style in distinct habitat patches and the shared parasites with 
native mussels, make this invasion an ideal system to study the spatial variability and drivers of 
parasite infections as a result of a species introduction on large and multiple spatial scales.  
In this study, we aim to investigate the effect of the invasion of Pacific oysters (C. gigas) 
on the distribution and abundance of parasites in native and invasive hosts across a large coastal 
ecosystem as a result of parasite spillover, spillback and transmission interference processes. We 
conducted our study in the European Wadden Sea, a temperate coastal ecosystem with extensive 
tidal flats stretching over 500 km along the Dutch, German and Danish coasts (CWSS, 2008). Here, 
Pacific oysters were introduced to the southern part in the 1980s (Drinkwaard, 1999; Troost, 
2010) and to the northern part in the 1990s (Reise, 1998; Moehler et al., 2011) and now co-occur 
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with native blue mussels (M. edulis) on epibenthic mixed mussel and oyster beds (Reise, 1998; 
Troost, 2010). Using a hierarchical sampling of invasive oysters and native mussels at three 
spatial scales (region, mussel/oyster beds, plots) and a set of 13 potential biological and 
environmental drivers we aimed to address the following questions: 1) Can spatial patterns be 
detected in the spatial distribution and abundance of parasites associated with spillover, spillback 
and transmission interference in invasive oysters and native mussel hosts across the ecosystem? 
2) Which spatial scales are most important in explaining variation in parasite infection levels and 
does their relevance differ between invasive oysters and native mussel hosts? And 3) what are 
the most important biological and environmental drivers of infection levels across the ecosystem 
and do they differ between invasive oyster and native mussel hosts? Our study contributes to a 
better understanding of the patterns and processes of parasite spillover, spillback and 
transmission interference as the result of human-mediated host introductions and points to the 
relevance of spatial scales in assessing the manifold impacts of invasive species on native 
ecosystems.  
 
Material and Methods 
Parasite infection patterns  
Sampling on hierarchical scales 
Sampling took place on eight mixed invasive Pacific oyster (Crassostrea gigas) and native blue 
mussel (Mytilus edulis) beds spread over the Dutch and German Wadden Sea (Fig. 3.1). These beds 
were selected based on geographic distribution and logistic feasibility. We sampled throughout 
the entire Wadden Sea, except for the mid-German Wadden Sea, which is devoid of mussel beds 
(Folmer et al., 2014). The following regions were sampled: West-Netherlands (1. Balgzand and 2. 
Texel), East-Netherlands (3. Ameland and 4. Schiermonnikoog), South-Germany (5. Norddeich 
and 6. Hornumersiel) and North-Germany (7. Puan Klent and 8. Königshafen; Fig. 3.1). Beds were 
sampled between mid-September and late-October 2012 (Supplementary Table S3.1) as this 
period is well suited for documenting infection levels of macroparasites (after summer, the main 
period of production of trematodes (Thieltges and Rick, 2006; Poulin, 2006b), parasitic copepods 
(Grainger, 1951) and settlement of Polydora ciliata larvae (Harms and Anger, 1983)). 
Per bed, a plot of 1 m2  was haphazardly placed four times within the bed. From each plot, 
20 blue mussels and 20 Pacific oyster hosts were randomly collected and analysed for the 
presence of parasites (see section Dissection for parasites). We sampled medium to large size 
classes of mussels (30-60 mm) and oysters (80-160 mm), as these size classes are regularly 
infected with the five parasite species (Brenner et al., 2014; Goedknegt et al., 2017). However, at 
some beds these size classes were not available resulting in the collection of relatively larger or 
smaller specimens. Our sampling design was hierarchical resulting in three spatial scales of 
observations: region (r = 4), bed nested in region (b(r) = 2, btotal = 8) and plot nested in bed (p(b) 
= 4, ptotal = 32). As 20 mussels and oysters were collected from each plot (see above) the total 
number of host individuals sampled was 640 per host species.  
 
Dissections for parasites 
In the laboratory, mussel and oyster shells were opened and inspected from the in- and outside 
for the presence of P. ciliata markings (e.g. blistering, tubes and holes as described in Catherine 
et al., 1990; Ambariyanto and Seed, 1991). Due to time constraints, it was not possible to 
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determine the number of P. ciliata in the shells, limiting observations to occurrences (present/not 
present) of this shell boring parasite species. After shell inspections, the meat was separated from 
the shells and stored in labelled plastic bags and frozen until further analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1 Map of the eight sampling locations (mixed Pacific oyster Crassostrea gigas and blue mussel Mytilus 
edulis beds, black dots) in four regions (black rectangles) in the Dutch (NL) and German (GER) Wadden Sea 
(shaded light grey area; see Supplementary Table S3.1 for coordinates and sample dates). On each bed, four 
plots of 1 m2 (p; insert upper left) were haphazardly selected from which individual hosts were sampled. 
In addition in each plot, two cores (not shown) were taken to determine host densities and other 
parameters (see text for details).  
 
Three months later we defrosted mussel and oyster flesh in batches (one species from a 
plot at a time, n = 20) and screened for the presence of parasites. As the mussel is host to four 
different endoparasite species (Mytilicola orientalis, M. intestinalis, Renicola roscovita and 
Himasthla elongata; Thieltges et al., 2006; Elsner et al., 2011; Pogoda et al., 2012; Brenner et al., 
2014; Goedknegt et al., 2017) and the oyster only to one (M. orientalis; Elsner et al., 2011; Pogoda 
et al., 2012; Goedknegt et al., 2017), the dissection procedure differed between the two hosts. In 
mussels, we first searched the tissue for the presence of Mytilicola individuals under a magnifying 
glass (magnification 3-8×) and extracted the copepods found. The tissue was then squeezed 
between two glass slides and examined under a stereo microscope (magnification 10-30×) to 
check for remaining copepods. At the same time we screened the mussel tissue  for the presence 
of the trematode species Himasthla elongata and Renicola roscovita and counted all parasites 
detected. For the oysters, the procedure was slightly different as the meat of the oyster was too 
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voluminous and leathery to be squeezed between glass plates. Therefore, after the first dissection 
of the digestive tissue, we flushed the intestine with water from a squeezing bottle to find 
previously undetected copepods. Between the tissue parts, the red colour of the parasites could 
easily be observed. Using a stereo microscope (magnification 10-30×), we counted all juvenile 
and adult copepods and identified the adults for sex and species based on descriptions of Steuer 
(1902), Mori (1935), Ho and Kim (1992), and Elsner et al. (2011). The copepods were stored in 
1,5 mL Eppendorf tubes with 96% denatured ethanol.   
 
Identification of Mytilicola spp.  
Although morphological descriptions of Mytilicola spp. in their native range are available (Steuer, 
1902; Mori, 1935), species identification based on morphology is not entirely reliable when both 
Mytilicola species have overlapping host ranges and distributions (Elsner et al., 2011; Goedknegt 
et al., 2017). As both Mytilicola species co-occur only in blue mussels in the Wadden Sea (Pogoda 
et al., 2012; Goedknegt et al., 2017; Chapter 4), a subset of Mytilicola specimens originating from 
blue mussels were also molecularly identified to species level to support and improve the 
morphological identification for both sexes. Molecular identification was done with specimens 
from one of the two beds of each region: Texel (Netherlands-West), Ameland (Netherlands-East), 
Hornurmersiel (Germany-South) and Puan Klent (Germany-North) (locations 2, 3, 6 and 7 in Fig. 
3.1 and Supplementary table S3.1). In total, 875 Mytilicola individuals originating from 194 native 
blue mussels (M. edulis) spread over the four locations were investigated (location 2: n = 39, 
location 3: n = 72, location 6: n = 39, location 7: n = 44). These individual copepods were stored 
in separate wells of 96-well plates containing 96% denatured ethanol. DNA extraction was 
conducted at Baseclear B.V. (Leiden, Netherlands). Here, a portion of the cytochrome-c-oxidase I 
gene was amplified and sequenced using Sanger sequencing as described in Goedknegt et al. 
(2017). The DNA sequences were aligned manually in BioEdit 7.2.5 (Hall, 1999) and assigned to 
either M. intestinalis or M. orientalis. The latter could be done by eye, because the interspecific 
sequence differences for the locus are much larger than the intraspecific variation (see Elsner et 
al., 2011; Goedknegt et al., 2017). 
 
Biological and environmental drivers of parasite occurrence and abundance  
Based on existing literature on native parasite-host relationships and on parasite spillover, 
spillback and transmission interference, we selected 14 potential biological and environmental 
drivers of parasite occurrence and abundance for our analyses (Table 3.1). For Mytilicola spp. at 
least six (for M. orientalis seven) biological and environmental drivers were selected (Table 3.1). 
Models of the shell boring polychaete P. ciliata, included furthermore the density of periwinkles 
(alternative host; Table 3.1). Finally, for trematodes with complex life cycles (H. elongata and R. 
roscovita) information on first intermediate and definitive hosts was included, resulting in a total 
of 13 potential drivers for these parasite species (Table 3.1). Although temperature is well known 
to affect infection levels (Pietrock and Marcoglise, 2003; Poulin, 2006b), the range of average 
summer temperatures (jun-sept over the years 2007-2011) in the Wadden Sea is too small to 
detect potential effects (16.0-16.5 °C; E. Folmer, unpublished data) and therefore we did not 
include temperature as driver in the analyses.  
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Table 3.1 List of biological and environmental factors which were investigated as potential drivers of 
infection levels in the analyses. Given are the value ranges, the applied transformation, the parasite species 
for which the driver was included in the analyses and the directional hypothesis (positive or negative 
effect) based on literature references.  
 
Host densities 
We gathered information on invasive oyster, native mussel and periwinkle densities during the 
hierarchical sampling campaign (see section Host densities). Per plot (four plots per bed) two 
cores (Ø 19 cm, ± 20 cm deep) were taken and sieved and the contents were brought to the lab. 
Here, we determined oyster and mussel densities per core (all sizes), which were averaged per 
plot to obtain mean host densities per m2.  
 
Oyster and mussel host size 
Prior to the dissections of the hosts gathered in the field (see section Dissections for parasites), we 
measured the maximum shell length of the mussel and oyster hosts with vernier callipers to the 
nearest mm. 
 
Supply of free-living stages 
Polydora ciliata and Mytilicola spp. have a direct life cycle with a free-living phase with larvae 
spending multiple days in the water column prior to infection of their host species (Grainger, 
1951; Anger et al., 1986). Estimates of the supply of free-living stages are therefore difficult to 
obtain in the field and not included in the analyses of these parasite species. However, for 
trematodes with complex life cycles (H. elongata and R. roscovita), the supply of infective stages 
can be approximated with densities of the first intermediate molluscan and definitive bird hosts 
due to the local production and short lifespan of infective stages (Thieltges and Reise, 2007; Byers 
et al., 2008; Wilson et al., 2011; Galaktionov et al., 2015).  
Drivers Range Trans-
form. 
Parasite sp. Hypothesis Ref. 
Host density (mussel) 70.5 - 3721.0 m-2 Log All Positive  1-6 
Host density (oyster) 0 - 317.4 m-2 none All Positive (competent)  
Negative (non-competent) 
1-6 
7-8 
Host size (mussel) 30.0 - 66.0 mm none All Positive 1, 3,  
9-12 
Host size (oyster) 40.0 – 228.0 mm none M. orientalis  
P. ciliata.  
Positive 12 
Fucus abundance 0 - 7900.43 g m-2 Log + 1 All Negative  13, 
14 
Salinity 22.6 - 31.7 psu None  All Positive  15, 
16 
Tidal exposure 0.08 - 0.61 None  All Negative 17, 
18 
Total periwinkle 
density  
0 - 317.4 m-2 Log + 1 Trematodes  
P. ciliata 
Positive 3 
Herring gull density 701.2 - 6462.7 ha-1 Log Trematodes  Positive 4, 20, 
21 
Common gull density 639.9 - 7119.0 ha-1 Log Trematodes  Positive 20, 
21 
Black-headed gull 
density 
911.8 - 5682.6 ha-1 none Trematodes  Positive 20, 
21 
Oyster catcher density 2404.2 - 11377.4 ha-1 Log Trematodes  Positive 4 
Common eider density 252.5 – 9581.6 ha-1 Log Trematodes  Positive 4, 21  
Total bird density 7772270 - 29396434 ha-1 none Trematodes  Positive 22 
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First intermediate host density - periwinkles Littorina littorea 
We obtained densities of the first intermediate host, the common periwinkle Littorina littorea,  
from plot cores in a similar way as for host densities as described in section Host densities. Only 
mature periwinkles (> 14 mm) were included in the analyses, as trematodes infect only the 
reproductive tissue of their molluscan host (Werding, 1969; Lauckner, 1983).  
 
Definitive host density - birds 
Gulls and waders serve as definitive hosts for the trematodes R. roscovita and H. elongata 
(Stunkard, 1964; Werding, 1969; Lauckner, 1983; Galaktionov and Bustness, 1999). In the 
present study, we included the molluscivorous and benthivorous species herring gull (Larus 
argentatus), common gull (Larus canus), black-headed gull (Chroicocephalus ridibundus), oyster 
catcher (Haematopus ostralegus) and common eider (Somateria mollissima) associated with 
mixed mussel and oyster beds in the Wadden Sea (Waser et al ., 2016) as potential drivers of 
infection levels in second intermediate mussel hosts. For our data composition, we used aerial 
counts (common eider) and high-tide roots counts (all other investigated species) for which we 
calculated the bird densities per intertidal hectare per location. See supplementary Appendix S1 
for more information on these estimates. 
 
Macroalgal biomass 
We included the biomass of macroalga as a driver, because of its potential transmission 
interference capacities demonstrated in experimental settings (Johnson and Thieltges, 2010; 
Welsh et al., 2014). During the hierarchical sampling campaign, we collected the (by far) most 
abundant macroalga Fucus vesiculosus from individual cores (see sections Sampling on 
hierarchical scales and Host densities), weighted the biomass of the algae to the nearest 0.1 gram 
(wet weight) and averaged the values over the two cores to obtain estimates of Fucus biomass 
per plot (1 m2).  
 
Salinity and exposure time 
Salinity and exposure time data were obtained by means of simulation with the General Estuarine 
Transport Model (GETM; Burchard and Bolding, 2002). Within the scope of the PACE project, 
GETM was used to simulate the hydrodynamics, temperature and salinity for the entire Wadden 
Sea on a resolution of 200 x 200 m (Gräwe et al., 2016). The model output was used to obtain 
estimates of mean exposure time (i.e. the mean fraction of time that the seabed is exposed to the 
air) and salinity (PSU) over the period 2009–2011 (Folmer et al., 2016). For further details 
regarding the simulations we refer to Gräwe et al. (2016) and to Folmer et al. (2016) for 
postprocessing of simulation data. 
 
Statistical analysis 
Calculations of infection measures 
For each sampled plot, we calculated parasite prevalences (the ratio of infected to sampled host 
species), intensities (the average number of parasites per infected host), abundances (the average 
number of parasites in all (infected and uninfected) hosts and population densities (the product 
of parasite abundance and host density) according to Bush et al. (1997). For Mytilicola spp. 
Spatial patterns and processes of parasite infections 
62 
observations included morphologically as well as molecularly identified individuals, as the 
morphological identification error was relatively small (< 10%, see section Spillover of the 
invasive parasitic copepod Mytilicola orientalis). 
 
Parasite infection patterns 
We determined how variability in parasite occurrence (present/not present) and abundance (not 
available for P. ciliata see section Dissections for parasites) in native blue mussels and invasive 
Pacific oysters depends on the spatial scale. Because of the hierarchical design we used GLMMs 
for binomial (package lme4, Bates et al., 2015) and negative binomial data (package glmmADMB, 
Fournier et al., 2012, Skaug et al., 2014) in the statistical software environment R (R Development 
Core Team 2015). We considered plots to be nested within beds, beds nested within region, and 
regions as random effects and calculated the relative variance components for each of these  
spatial  levels. For M. orientalis and P. ciliata, which infect both invasive Pacific oysters and native 
blue mussels, we used similar mixed effects models including host species as fixed effect and 
compared these models with GLMMs without this fixed term with likelihood ratio  tests following 
chi-square distributions.  
 
Drivers of parasite occurrence and abundance  
Prior to the analyses, we inspected all biological and environmental drivers for normality with 
histograms, boxplots and qqplots, and applied log-transformations when necessary (see 
Supplementary Table 3.1 for an overview of transformations). Additionally, we examined 
collinearity with pairplots including Pearson correlations (see Supplementary Fig. S1). We 
conducted a series of nested generalized linear models (GLMMs with binomial and negative 
binomial distributions) for each parasite/host species combination, including an intercept only 
model (null model), to examine the effect of biological and environmental factors on parasite 
occurrences (present/not present; for all parasite species) and abundances (all species except for 
P. ciliata) in native blue mussels and invasive Pacific oysters. Initially, the number of explanatory 
variables was kept to a minimum by including at most a single driver as fixed effect in the model. 
Consequently, each individual GLMM included parasite occurrence or abundance as response 
variable, none or one individual driver as explanatory variable and the hierarchical sampling 
structure as random effect (see section Calculations of infections measures). For each parasite 
species and response variable, competing models were compared based on the Akaike 
Information Criterion corrected for sample sizes (AICc) and the model with the lowest AICc score 
was selected as the best model. Then, we produced a suite of models with two fixed effects, that 
contained the fixed effect of the top performing model plus each of the other explanatory 
variables in turn. Again, the best performing model was chosen based on the lowest AICc and the 
forward selection procedure was terminated at this point to avoid overfitting of the data (Zuur et 
al., 2009). 
 
Results  
Spatial infection patterns 
While native blue mussels (Mytilus edulis; mean shell length ± SE 45.2 ± 0.25 mm) were infected 
with five parasite species (the invasive parasitic copepods Mytilicola orientalis and M. intestinalis,  
the native shell boring polychaete Polydora ciliata, and the native trematodes Renicola roscovita 
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and Himasthla elongata) with an overall prevalence of 98.4%, invasive Pacific oysters 
(Crassostrea gigas; 128.5 ± 1.5 mm) were only infected with the invasive M. orientalis and native 
P. ciliata, with a total prevalence of 59.8%. All parasites were found at all locations, except for M. 
orientalis in Pacific oysters at location 8 (Fig. 3.2). The most commonly found parasite was the 
trematode R. roscovita with an average prevalence of 98.8%. 
In general, we found strong differences in infection levels of the five invasive or native 
macroparasite species associated with spillover, spillback and transmission interference across 
the Wadden Sea. Likewise, the variability in parasite occurrence and abundance differed among 
spatial scales and was generally parasite and host specific. Mixed effects models identified 
different biological and environmental drivers of parasite occurrence and abundance among 
parasite and host species. Hence, in the following we report the results separately for each 
parasite species. 
 
Spillover of the invasive parasitic copepod Mytilicola orientalis 
The molecular identification of 875 adult Mytilicola individuals from 4 beds indicated that that 
91.3% (43/495) of the males and 89.2% (41/380) of the females were correctly identified by 
morphology (average identification error 9.7%). Due to this relatively minor identification error 
we decided to use the full dataset of morphologically identified copepods for further analyses.  
Infections of the invasive parasitic copepod Mytilicola orientalis were found in native 
mussels and invasive oysters spread over the entire Wadden Sea, with exception of the extreme 
northern German Wadden Sea (location 8), where only one infected mussel (prevalence 1.3%; 
intensity of 1) was found and no infected oysters (Fig. 3.2, 3.3). In general, the invasive copepod 
occurred more in mussel than in oyster hosts (LRT; ΔDeviance = 130.59, p < 0.001; Fig. 3.2) and 
prevalences were overall twice as high in the native mussel (average ± SD, 50.8 ± 0.2%) compared 
to the invasive oyster (21.7 ± 0.2%). On the other hand, when oysters were infected with M. 
orientalis, overall intensities were twice as high (average ± SD, 6.2 ± 4.7) than when mussels (2.9 
± 1.2) were infected (LRT; ΔDeviance = 78.96, p < 0.001; Fig. 3.3). These contradicting patterns 
resulted in almost similar parasite abundances for mussel (average ± SD, 1.6 ± 1.2) and oyster 
(1.3 ± 1.2) hosts (LRT; ΔDeviance = 3.12, p = 0.077), however when host density was taken into 
account M. orientalis population densities were dominated by native blue mussels (Fig. 3.4A). 
More specifically, at locations were M. orientalis was abundant (at all locations, except for location 
8), parasite population densities were 2-35 times larger in native mussels than in invasive oysters 
(Fig. 3.4A, B). Furthermore, looking closer at the distribution of M. orientalis population densities 
in individual host species, parasite densities in oyster hosts varied predominately because of 
variations in host density (Fig. 3.4B), while in mussels parasite abundance was more important 
in determining M. orientalis population densities (Fig. 3.4A). Finally, the level of individual beds 
explained the most spatial variation in M. orientalis occurrence and abundance in both mussels 
and oysters (Fig. 3.5). 
Occurrences of the invasive copepod in native mussels and invasive oysters were best 
explained by the abundance of the macroalga Fucus vesiculosus, and the environmental factors 
salinity and exposure time. While Fucus biomass had positive effects on occurrences of M. 
orientalis in mussels (β = 0.384, SE = 0.228), the effect was negative for oyster hosts (β = -0.367, 
SE = 0.139). Model performance improved when salinity (β = -0.277, SE = 0.174) and exposure 
time (β = 2.257, SE = 1.021) were included in the mussel and oyster models, respectively (Table 
3.2).  Furthermore,  none  of the one or  two factor models performed  better than the null model  
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Fig. 3.2 Average prevalence (± SE) of the five parasite species in blue mussel (Mytilus edulis) and Pacific 
oyster (Crassostrea gigas) hosts at the eight sampled bivalve beds. *Prevalence of Polydora ciliata was not 
available for mussels at location 1 and oysters at location 4.  
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explaining M. orientalis abundances in blue mussels (Table 3.2). However, for oyster hosts, M. 
orientalis abundances were best explained by the two factor model including exposure time (β = 
6.415, SE = 2.541) and salinity (β = -0.314, SE = 0.144). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3 Boxplots of intensities of the four intestinal parasite species in blue mussel (Mytilus edulis) and 
Pacific oyster (Crassostrea gigas) hosts at the eight locations for which intensities were available (not 
available for Polydora ciliata). The black dots inside the boxes indicate mean intensities, the black dots 
outside the boxes indicate outliers.   
 
Spillback of the native parasite Polydora ciliata 
The shell boring polychaete Polydora ciliata was present at all eight beds sampled, with plot 
prevalences ranging from 0-35% in native blue mussels and 0-100% in invasive Pacific oysters 
(Fig. 3.2). Average prevalences differed between host species (LRT: ΔDeviance = 323.94, p < 0.001) 
and were more than five times higher in the invasive than in the native host (average prevalence 
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in oysters (± SD) 57.9 ± 0.4%, in mussels 10.2 ± 0.11%). The spatial scale explaining Polydora 
occurrences differed between host species; for oysters spatial variety was highest at the scale of 
individual mussel beds, while for mussels spatial variety was highest at plot level (Fig. 3.5).  
The most important driver of P. ciliata occurrence was host length for both blue mussel 
(β = 0.168, SE = 0.039) and Pacific oyster hosts (β = 0.024, SE = 0.06). For mussels, model 
performance further increased by including Fucus biomass in the model, which had a negative 
effect on Polydora occurrence (β = -0.546, SE = 0.203). For oysters, the best two-factor model did 
not perform better than the one-factor model including host length (Table 3.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4 Mean parasite abundance (± SE) versus mean host species density (± SE), with isoclines 
representing parasite population densities per m2 at each of the eight sampled beds (see section Sampling 
on hierarchical scales and Fig. 3.1). A) Invasive Mytilicola orientalis in native blue mussels (Mytilus edulis) 
and B) in invasive Pacific oysters (Crassostrea gigas), C) previously established Mytilicola intestinalis in 
mussels, D) native Himasthla elongata in mussels and E) native Renicola roscovita in mussels. Abundances 
were not available for Polydora ciliata. 
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Fig. 3.5 Variance components for parasite occurrence (present/not present) in A) mussels and B) oysters, 
and for parasite abundance in C) mussels and D) oysters, calculated from individual GLMMs for each 
parasite species infecting blue mussels. Abundances were not available for Polydora ciliata. 
 
 
Transmission interference of the invasive copepod Mytilicola intestinalis  
The previously introduced copepod Mytilicola intestinalis was only found in native mussel hosts, 
but at all locations in the Wadden Sea (Fig. 3.2, 3.3) with an average prevalence (± SD) of 45.4% 
(± 0.3%) and an intensity of 2.0 (± 1.1). In contrast to M. orientalis, infection levels of M. intestinalis  
were highest in the northern German Wadden Sea with prevalences (78-94%) and intensities 
(3.1-4.0) ranging above the total averages (Fig. 3.2, 3.3). In the western Dutch region the opposite 
was true, with relatively lower prevalences (9-13%) and intensities (1.0-1.1). Furthermore, 
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region was the most important spatial scale in explaining variation in M. intestinalis occurrence 
and abundance in mussels (Fig. 3.5). 
Occurrences of the copepod in blue mussels were best explained by Fucus abundance (β 
= 0.428, SE = 0.162) and oyster density (β = -0.005, SE = 0.002) in the two factor model (Table 
3.2). In contrast, Fucus abundance (β = 0.456, SE = 0.082) and host length (β = 0.019, SE = 0.008) 
were the most important drivers of M. intestinalis abundances (Table 3.2). 
 
Table 3.2 Overview of the best models explaining parasite occurrence and abundance of the five invasive 
and native parasite species in native blue mussels (Mytilus edulis) and invasive Pacific oysters (Crassostrea 
gigas). Abundance models were not performed for the polychaete Polydora ciliata as information on the 
total number of polychaetes was lacking (see section Dissections for parasites). (+) and (-) denote 
significantly positive and negative effects of a factor, respectively. 
Parasite  
species 
Host  
species 
Parasite occurrence 
Model 
 
AICc 
Parasite abundance 
Model 
 
AICc 
Mytilicola 
orientalis 
Mytilus  
edulis 
Null 790.9 Null 2037.2 
(+) Fucus biomass 790.2 (-) Salinity 2037.9 
(+) Fucus biomass +  
Salinity (-) 
789.9 (-) Salinity + Fucus 
biomass (+) 
2038.0 
Crassostrea 
gigas 
Null 639.6 Null 1417.7 
(-) Fucus biomass 637.2 (+) Exposure 1417.8 
(-) Fucus biomass +  
Exposure (+) 
635.3 (+) Exposure + Salinity 
(-) 
1415.6 
Polydora  
ciliata  
Mytilus  
edulis 
Null 307.1 - - 
Host length (+) 284.9 - - 
(+) Host length +  
Fucus biomass (-) 
280.2 - - 
Crassostrea 
gigas 
Null 460.6 - - 
(+) Host length 448.5 - - 
(+) Host length +  
Snail density (+) 
448.9 - - 
Mytilicola 
intestinalis 
Mytilus  
edulis 
Null 654.2 Null 1555.3 
(+) Fucus biomass 650.7 (+) Fucus biomass  1549.8 
(+) Fucus biomass +  
Oyster density (-) 
647.1 (+) Fucus biomass + 
Host length (+) 
1546.1 
Himasthla 
elongata 
Mytilus  
edulis 
Null 643.7 Null 2877.0 
(+) Host length 637.8 (+) Host length 2797.8 
(+) Host length +  
Fucus biomass (+) 
634.8 (+) Host length + Fucus 
biomass (+) 
2794.0 
Renicola 
roscovita 
Mytilus  
edulis 
Null 301.6 Null 5854.6 
(+) Oyster density  298.5 (+) Host length  5828.0 
(+) Oyster density +  
Common gull density (+) 
298.2 (+) Host length + 
Mussel density (+)   
5819.9 
 
Transmission interference of the native trematode Himasthla elongata 
The trematode Himasthla elongata was omnipresent in mussels in the entire Wadden Sea (Fig. 
3.2, 3.3), with prevalences ranging between 16-100% and an average intensity (± SD) of 12.5 (± 
19.0). H. elongata abundances in mussels were highest at locations 3 and 7, resulting in the largest 
parasite population densities on these beds (Fig. 3.4D). Furthermore, individual beds explained 
most of the spatial variation in parasite infections and abundances, followed by plots nested on 
mussel beds (Fig. 3.5).   
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Both occurrences and abundances of the trematode species were positively affected by host 
length (occurrence β = 0.068, SE = 0.023; abundance: β = 0.090 SE = 0.01) and the addition of 
Fucus abundance in the two factor model (occurrence β = 0.869, SE = 0.395; abundance β = 0.667, 
SE = 0.067). For both response variables, models including two driving factors performed best 
(Table 3.2). 
Transmission interference of the native trematode Renicola roscovita 
Of all parasite species, the native trematode Renicola roscovita was observed in native mussels in 
the highest prevalences (average ± SD, 98.8% ± 0.0%; Fig. 3.2) and intensities (86.6 ± 113.2; Fig. 
3.3). Like M. intestinalis, intensities varied between both ends of the Wadden Sea, with extremely 
high intensities in the northern German region (178.9-325.70) and low intensities in the western 
Dutch Wadden Sea (9.6-25.9; Fig. 3.3). The extremely high infection intensities were increasing 
R. roscovita abundances in mussels and this resulted in exceptionally high and low  R. roscovita 
population densities in the northern German and western Dutch Wadden Sea, respectively (Fig. 
3.4E). Furthermore, the largest spatial scale (region) explained most of the variation in  R. 
roscovita infections and abundances (Fig. 3.5). 
Occurrences of the trematode were best explained by oyster density (β = 0.007, SE = 
0.003), and the density of common gulls (β = 2.340, SE = 0.571), both factors positively affecting 
infection levels. However, R. roscovita abundances in blue mussels were merely driven by host 
length (β = 0.054, SE = 0.009) and mussel density (β = 1.605, SE = 0.426). Again, models including 
two explanatory variables were the best performing models (Table 3.2).  
 
Discussion 
General patterns 
Our hierarchical sampling (region/beds/plots) of native mussels (Mytilus edulis) and invasive 
Pacific oysters (Crassostrea gigas) on eight mixed mussel/oyster beds in the Wadden Sea, 
revealed strong heterogeneity in the spatial distribution of infection levels of all five parasite 
species associated with spillover, spillback and transmission interference across the ecosystem. 
In general, the variability in parasite occurrence and abundance differed among spatial scales and 
was generally parasite and host specific. The regional variability was high for the previously 
introduced Mytilicola intestinalis and native trematode Renicola roscovita, related to the relatively 
high and low prevalences and intensities found in the northern German and western Dutch 
Wadden Sea, respectively. In contrast, variability was highest on individual bivalve beds for the 
invasive copepod Mytilicola orientalis and the native trematode Himasthla elongata. For the 
native Polydora ciliata, the most important spatial scale was host specific, with highest variation 
on individual beds for oysters and highest variation among plots nested within beds for native 
mussels. These contrasting patterns suggest differences in the underlying processes among 
parasite species and below we discuss this separately for each species.  
 
Patterns of Mytilicola orientalis infections 
Spillover of the invasive parasitic copepod Mytilicola orientalis from Pacific oysters to native blue 
mussels (Mytilus edulis) occurred almost in the entire Wadden Sea at all spatial scales 
investigated. However, we observed relatively low infection levels of M. orientalis in northern 
populations of blue mussels, and no infections at all in Pacific oysters at the northernmost 
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location (see also Elsner et al., 2011; Goedknegt et al., 2017). Whether this results from a different 
susceptibility of the genetically distinct northern Pacific oyster populations (Moehler et al., 2011) 
or from a later invasion of M. orientalis remains a topic for further studies. At all locations where 
M. orientalis occurred, prevalences were always higher in mussels but intensities higher in 
oysters. The latter is likely caused by the relative size of both bivalve species. Oysters are larger 
and exhibit stronger filtration currents than mussels (Troost, 2010), increasing the chance to 
become infected with multiple infective larvae. In addition, the digestive system is enlarged in 
oysters, providing the intestinal parasite with ample space for multiple infections, whereas 
intensities in mussels are limited by mussel size (Goedknegt et al., 2017). Differences in the 
relative prevalence and intensity of the invasive copepod lead to almost similar abundances of M. 
orientalis in both host species. Nevertheless, when host density was taken into account, the newly 
acquired native mussel host appeared to carry the majority of the M. orientalis population in the 
Wadden Sea. This suggests that the population dynamics of M. orientalis may now mainly be 
driven by native mussels and not by invasive oysters, but what exactly the effects of both host 
species on the parasite’s population dynamics are remain a topic for future studies. However, 
these results show that calculations of parasite densities can be useful in multihost communities 
(i.e. in spillover and spillback scenarios) to evaluate the contribution of different host species to 
parasite population densities.  
Although host size and density may explain the observed differences in infection patterns 
between mussel and oyster hosts, both factors did not significantly contribute to the best models 
in our analyses of drivers of parasite occurrence and abundance across the ecosystem. In contrast, 
the abundance of the macroalga Fucus vesiculosus was the most important predictor of M. 
orientalis occurrences in both mussel and oysters, albeit with opposite effects for both host 
species (positive in mussels and negative in oysters). The latter we had hypothesized as 
macroalgae are known to exhibit transmission interference capacities in small-scale laboratory 
studies (Welsh et al., 2014). Here, trematode cercariae become entangled in the seaweed, 
reducing the numbers of free swimming cercariae when the algae were removed from the 
aquaria. That we observed a positive effect of Fucus biomass on M. orientalis occurrence and 
abundance in mussels was surprising. Such a positive effect may be explained by the life cycle of 
M. orientalis that involves a free-living larval stage of 2-3 weeks in the water column (based on 
observations of M. intestinalis; Hockley, 1951; Gee and Davey, 1986a), which suggests that 
recruitment to mussels and oysters occurs from outside the beds. When algal density is high, eggs 
and larvae of the invasive parasitic copepod might be trapped by the algae, causing aggregations 
of larvae on top of bivalve beds, ultimately leading to high abundances of infective stages infecting 
mussel hosts. Although both explanations for negative and positive effects of Fucus abundance 
might be valid, it does not explain the opposing effects in both host species for which we do not 
have an explanation.  
In addition to Fucus abundance, environmental variables were important in determining 
M. orientalis infection levels in mussel and oysters. The negative effect of salinity confirms earlier 
findings from the North Pacific where higher prevalences were reported from mussels (Mytilus 
trossulus) situated in estuarine areas compared to mussels at coastal shores (Goater and Weeber, 
1996). The congeneric species M. intestinalis also prefers reduced salinities (Korringa, 1968), but 
salinity was not an important driver of M. intestinalis occurrences and abundances in mussels, 
suggesting that the invasive M. orientalis may be more sensitive to salinity changes than M. 
intestinalis. Furthermore, exposure time positively affected M. orientalis occurrence and 
abundance in oysters. This was surprising, as an inverse relationship between the degree of 
exposure and infection rates has previously been found for M. intestinalis in mussels, which was 
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dedicated to the shorter submersion time of hosts in the water, limiting the time window of free-
swimming infective copepodid larvae to locate and infect their host (Bolster, 1954; Davey and 
Gee, 1976). On the reasons behind the positive effect of exposure time on M. orientalis infection 
levels in oysters we can only speculate. For example, less submersion time means less exposure 
to currents directing the larvae away from their hosts, potentially explaining the found effect.   
Patterns of Polydora ciliata infections 
The native shell boring polychaete Polydora ciliata occurred in native blue mussels and invasive 
Pacific oysters at all sampled locations across the Wadden Sea. Since its introduction in the 
1980s/1990s (Reise, 1998; Drinkwaard, 1999; Troost, 2010), invasive oysters became an 
important host for this native shell boring polychaete species with average prevalences being five 
times as high compared to native mussels. As time limited us to acquire information on P. ciliata 
intensities, we do not know how these differences in prevalence relate to relative P. ciliata 
abundances in both host species, limiting our knowledge on host specific parasite population 
sizes. Therefore, whether this high competence of invasive oysters results in amplification of 
infection levels in native mussels (parasite spillback sensu Kelly et al., 2009) or whether this is 
the beginning of a host switch of the parasitic polychaete is a topic for further studies.  
Although not the entire range of mussel and oyster sizes were sampled in our study, host 
size was an important driver of P. ciliata infection levels in both mussel and oyster hosts. A 
positive relationship between host size and infection levels could reflect a relationship with host 
age, with older hosts accumulating more infections over time as has been previously suggested 
for native mussels M. edulis and periwinkles L. littorea (Ambaryianto and Seed, 1991; Warner, 
1997). However, the shell surface area that is available for infection is also larger for larger hosts, 
increasing infection space for the polychaete. Furthermore, the low number of smaller mussels 
with Polydora markings can be explained by the higher vulnerability of smaller, infected mussels 
to crab consumption (Ambaryianto and Seed, 1991) as has previously also been shown for 
periwinkles (Buschbaum et al., 2007). Similar reasoning does not apply for Pacific oysters, as 
adult individuals of this invasive bivalve are rarely consumed by crabs and birds (Troost, 2010). 
Apart from host size, abundance of the macroalga F.  vesiculosus was also an important driver for 
this parasite, negatively affecting occurrences of the native polychaete in blue mussels. Like M. 
orientalis, P. ciliata has a free-living larval stage which spends at least several days in the water 
column (Anger, 1986) so that recruitment to beds originates from the wider surroundings. 
Therefore, as hypothesized, the seaweed can act as a transmission interfering organism, 
preventing free-swimming infective larvae from infecting native mussels by physical obstruction 
(Johnson and Thieltges, 2010). 
 
Patterns of Mytilicola intestinalis infections 
The invasive parasitic copepod M. intestinalis was only found in mussels, but present in the entire 
Wadden Sea. Infection levels were lower in the western part relative to the northern German 
Wadden Sea (see also Goedknegt et al., 2017), while the parasite invaded both ends of the Wadden 
Sea at a similar time (1970s; reviewed by Feis et al., 2016). Possibly, the high infection levels in 
the north might be due to the absence of M. orientalis in this region. However, the potential 
competition between both parasite species is currently under investigation (C. Buschbaum, pers. 
comm.).  
Similar to M. orientalis, the abundance of the macroalga F. vesiculosus positively affected 
the occurrence and abundance of M. intestinalis in mussels. The mechanism for both congeneric 
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species is probably similar, in which free-living eggs and larvae can be trapped by the seaweed, 
causing aggregations of larvae on top of bivalve beds and resulting in high infection levels in 
mussels (as discussed above for M. orientalis infections in mussels). Furthermore, mussel size 
positively influenced M. intestinalis infections as previously found in other studies (Gee and Davey 
1986b; Goedknegt et al., 2017), which is probably age-related or due to larger filtration currents 
as discussed above for M. orientalis and P. ciliata. Finally, we observed the effect of transmission 
interference by invasive Pacific oysters for this parasite species. This was expected as M. 
intestinalis has so far not been found in the invasive bivalve species (Elsner et al., 2011; Goedknegt 
et al., 2017) and artificial infections were thus far unsuccessful (Elsner et al., 2011; M. Feis, 
unpublished results), suggesting that the Pacific oyster is not a competent host for M. intestinalis  
(Elsner et al., 2011; Goedknegt et al., 2017). This resulted in a greater dilution capacity when 
Pacific oysters occur in high density populations, thereby confirming earlier suggestions that the 
invasive species acts as a sink for M. intestinalis (Elsner et al., 2011; Goedknegt et al., 2017).  
 
Patterns of trematode infections 
The native trematodes Himasthla elongata and Renicola roscovita were omnipresent in native 
blue mussels throughout the entire Wadden Sea. While regional patterns were not observed in 
the distribution of H. elongata, the trematode R. roscovita showed strong regional patterns in 
prevalences and intensities similar to those of M. intestinalis. 
For both trematode species host length was one of the most important factors positively 
affecting infection levels in mussels, which corresponds with earlier observations of these 
parasite species (Nikolaev et al., 2006; Thieltges and Reise, 2007; Stier et al., 2015). Like in 
Mytilicola and P. ciliata, this effect could be age related. However, among mussels of the same age 
class, larger mussels can be infected with higher trematode intensities (Nikolaev et al., 2006). 
This is attributed to the enhanced filtration currents exerted by larger molluscs, enabling these 
individuals to inhale larger quantities of free-living infective larvae resulting in higher infection 
levels (Nikolaev et al., 2006).   
Similar to other parasite species in our study, both the occurrence and the abundance of 
H. elongata infections in mussels were positively affected by the abundance of the macroalga F. 
vesiculosus. As discussed above, this can be explained by the life cycle of the trematode that 
includes a free-living stage with cercariae spending a limited amount of hours (10-12 h; de 
Montaudouin et al., 1998) in the water column before infecting their host. Instead of drifting away 
with the currents during this time, cercariae may be trapped between the algae as discussed 
above.  
The occurrence and the abundance of the trematode R. roscovita were further positively 
affected by densities of the definitive bird host (the common gull Larus canus) and second 
intermediate mussel host, respectively. Gull density was also a driving factor of R. roscovita 
infection levels in blue mussels in the Arctic (Galaktionov et al., 2015). That densities of the 
second intermediate mussel host further increased R. roscovita abundances in mussels was also 
expected, as it is easier for parasites to locate hosts when they occur in higher numbers (Arneberg 
et al., 1998; Stringer and Linklater, 2015). Finally, we found a positive effect of invasive Pacific 
oyster density on the occurrence of R. roscovita in mussels, instead of the anticipated negative 
effect via transmission interference for which support was found in an earlier experimental study 
(Goedknegt et al., 2015). The obvious possibility that oyster density positively correlated with the 
densities of first intermediate snail hosts of the parasite, thereby indirectly stimulating infection 
levels in mussels, does not hold true, as exploratory investigations prior to the statistical analyses 
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indicated that this was not the case. Alternatively, oysters may affect R. roscovita infection levels 
in mussels via the three-dimensional matrix structure they create. Most mussels are found deep 
in the oyster matrix where they gain protection from predation and detrimental barnacle 
epibionts (Eschweiler and Christensen, 2011; Buschbaum et al., 2016). Experimental studies 
indicate that this position of mussels inside the matrix leads to higher prevalence and intensities 
of R. roscovita in mussels compared to conspecifics positioned on top of the matrix. Possibly, at 
the bottom of the oyster matrix, first intermediate snail hosts locally produce infective R. roscovita 
stages which are concentrated and trapped by the oyster structure (Chapter 6). With increasing 
oyster density, the structural complexity will also increase and likely result in the observed 
positive effect of oyster density on infection levels in mussels. 
 
Conclusions  
The strong differences in infection levels of the five invasive and native macroparasite species 
associated with spillover, spillback and transmission interference across the Wadden Sea, suggest 
that the associated impacts on native hosts spatially vary accordingly. All five parasite species 
investigated in our study exert negative effects on mussels. Both Mytilicola species as well as the 
two trematodes species are known to decrease the condition and growth of native mussels 
(Lauckner, 1983; Thieltges, 2006; Stier et al., 2015; Chapter 7). In addition, H. elongata infections 
reduce the mussels’ attachment capacity as they preferentially infect the mussels which 
compromises byssus production and attachment to substrate (Lauckner, 1984). P. ciliata 
infections are known to weaken the shell strength of mussels, increasing predation pressure by 
crabs (Ambaryianto and Seed, 1991). Given the spatial distribution of parasites across the 
ecosystem, mussels can be relatively relieved from impacts of some parasites in specific regions 
(e.g. low infection levels of M. intestinalis and R. roscovita in the western Wadden Sea), while in 
others the impact will differ depending on specific beds (e.g. high infection intensity of H. elongata 
only in 2 out of the 8 beds). Hence, nested sampling designs on large spatial scales across entire 
affected ecosystems are a valuable approach to identify distributional patterns and potential 
impacts on native species in parasites associated with spillover, spillback and transmission 
interference in the course of a host invasion. 
The generally high variability in parasite occurrence and abundance among spatial scales 
and the different drivers among parasite and hosts species identified in our mixed models suggest 
that the specific underlying processes are parasite and host species specific. Interestingly, oyster 
density was only included in 2 out of the 12 models (negative effect on M. intestinalis occurrence 
and positive effect on R. roscovita occurrence). This suggests that the dynamics of many parasite 
species are rather driven by other biotic and environmental drivers than oyster density. For 
example, in the case of spillover, oysters have been instrumental in co-introducing M. orientalis ,  
but parasite population densities are now much higher in native mussels which likely decouples 
the parasite dynamics from oyster dynamics. In other cases, oysters seem to exert unexpected  
effects on native parasites as observed in R. roscovita which may be amplified in occurrence in 
mussel hosts by the matrix provided by the oysters. These observations suggest that patterns and 
processes of parasite spillover, spillback and transmission interference as the result of human-
mediated host introductions depend on spatial scale and the parasite and host species involved 
and call for more studies to evaluate whether this observation is universal.  
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Supplementary material 
Table S3.1 Information on sampling locations, including number and name of the sampled mixed 
mussel/oyster beds, the region (NL: Netherlands; GER: Germany), sampling dates and coordinates (for map 
see Fig. 3.1).  
 
  
Bed Region Date Coordinates 
1. Balgzand  West NL 18/9/2012 52⁰55.830’N 
004⁰54.153’E 
2. Texel West NL 17/10/2012 53⁰08.852’N 
004⁰54.183’E 
3. Ameland  East NL 12/10/2012 53⁰25.900’N 
005⁰43.375’E 
4. Schiermonnikoog  East NL 8/10/2012 53⁰28.036’N 
006⁰12.567’E 
5. Norddeich  South GER 26/10/2012 53⁰40.941’N 
007⁰16.400’E 
6. Hornumersiel  South GER 25/10/2012 53⁰41.663’N 
008⁰01.922’E 
7. Puan Klent  North GER 28/9/2012 54⁰47.475’N 
008⁰18.405’E 
8. Königshafen  North GER 26/9/2012 55⁰01.747’N 
008⁰26.048’E 
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Fig. S3.1 Pairplot for all biological and environmental drivers (see Table 3.1). The lower diagonal elements 
contain the (absolute) correlations.  
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Abstract 
Cryptic species are distinct species originally lumped under the same scientific name and only 
discovered in retrospect after molecular examination. Here we describe a case of the reverse that 
can result from biological invasions: two species originally described separately that lack reliable 
diagnostic characters and are in fact a case of crypticism. These parasitic copepod species 
infecting bivalve hosts now co-occur along Northeast Atlantic coasts, after being introduced from 
the Mediterranean Sea (Mytilicola intestinalis) and Japan (Mytilicola orientalis). As the copepods 
currently have overlapping host ranges and geographical distributions, our knowledge on their 
distribution, impact and interactions depends crucially on reliable species identification.  In this 
study, we evaluated the reliability of morphological identification with molecular methods and 
verified whether these species represent a case of crypticism in the invasive range. Based on 
seven morphological variables that were measured on 182 individual copepods originating from 
blue mussel hosts (Mytilus edulis), principal component analysis showed two relatively distinct 
but overlapping morphological species groups for females, and no clear separation in males. 
Consequently, a discriminant function analysis revealed that females can be discriminated 
reasonably well based on morphological characteristics (error rate of 7%) but males cannot 
(error rate 25%). Though morphology of the two invasive parasite species was significantly 
differentiated, and the shape of the dorsal appendages was identified as the most important trait 
for species identification, no diagnostic character was detected that could flawlessly discriminate 
between both species. Hence, M. intestinalis and M. orientalis may be considered as 'cryptic-in-
retrospect’ in their invasive range. This case can serve as a cautionary example for other taxa with 
shifting distributional ranges; when site of origin can no longer discriminate species, a closer 
examination of morphological and genetic differentiation is advisable.  
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Introduction 
Cryptic species abound in most animal taxa and are an important component of earth's metazoan 
biodiversity (Knowlton, 1993; Bickford et al., 2007; Pfenninger and Swenk, 2007). Typically, 
cryptic species are distinct biological species that were known under the same scientific name 
until molecular methods detected the presence of several distinct,  often highly diverged species 
(Pfenninger and Swenk, 2007). It is not uncommon that differentiating morphological  
characteristics are then discovered in retrospect, allowing additional reliable morphological 
discrimination between the species - which are then called pseudo-cryptic species (e.g., Sáez et 
al., 2003; Luttikhuizen and Dekker, 2010). Here we investigate the opposite scenario that can 
result from species invasions: a case of possible 'crypticism-in-retrospect', where two invasive 
species co-occurring in an area were originally described in their native ranges as distinct species, 
while in fact a trustworthy diagnostic feature may not exist. 
The parasitic copepod Mytilicola intestinalis was first described in the mussel Mytilus 
galloprovincialis in the Adriatic Sea (Steuer, 1902) and presumably spread with infected mussels 
as fouling on ships’ hulls to the Atlantic coast of Europe where it started to infect native bivalve 
species (Caspers, 1939; Hockley, 1951; Theisen, 1966; Korringa, 1968). The congeneric Mytilicola 
orientalis was first described in Pacific oysters (Crassostrea gigas) from Japan (Mori, 1935) and 
was co-introduced to British Columbia in 1938 with shipments of Pacific oysters (Carlton, 1979). 
Via subsequent oyster transports to France in the 1970s (His, 1970), the parasite spread 
northward with its host to the Dutch Delta (Stock, 1993) and the Dutch, German and Danish 
Wadden Sea (Elsner et al., 2011; Pogoda et al., 2012). The two species diverged a long time ago 
and accumulated a minimum interspecific genetic difference of 16.08% while showing very low 
intraspecific diversity for COI (cytochrome-c-oxidase I, a mitochondrial gene) (Elsner et al., 
2011).  Divergence time could be in the order of seven to eleven million years ago based on a 
molecular clock commonly used for crustaceans (Knowlton and Weigt, 1998; Luttikhuizen et al., 
2008). Hence, their species status is not under discussion. 
Currently, the two copepod species do not only co-occur along north-eastern Atlantic 
coasts but have overlapping host ranges as well, infecting blue mussels (Korringa, 1950; Stock, 
1993; Elsner et al., 2011; Pogoda et al., 2012; Goedknegt et al., 2017), common cockles 
(Cerastoderma edule) (Lauckner, 1983; Thieltges et al., 2013a; Goedknegt et al., 2017) and Pacific 
oysters (Dare, 1982; Grizel, 1985; Aguirre-Macedo and Kennedy, 1999; Goedknegt et al., 2017). 
Although the original descriptions provide clear starting points for distinguishing between the 
species, it has been noted that morphological identification may be problematic now that both 
species co-occur and this may have resulted in species identification errors in the past (Elsner et 
al., 2011). 
Here, we focus on the German and Dutch Wadden Sea and the Dutch Delta, where the 
geographical ranges of the two parasite species overlap. The aim of this study was to assess the 
reliability of morphological identification of M. intestinalis and M. orientalis. We approached this 
in three ways: First, we took quantitative morphological measurements of a large pool of 
Mytilicola spp. from blue mussel (Mytilus edulis) and Pacific oyster (Crassostrea gigas) hosts 
originating from different locations. Second, we verified the species identity of every copepod 
molecularly by applying a diagnostic RFLP assay (Restriction Fragment Length Polymorphism) 
(Goedknegt et al., 2017). And third, we applied multivariate morphometric analyses to investigate 
the accuracy of morphological identification and to identify trustworthy features in species 
discrimination. In addition, as methods of preservation are known to modify or destroy 
morphological characteristics (Knowlton, 1993; Nygren, 2014), we investigated the effect of 
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several storage methods on the morphology of both species. Our results thus estimate the 
reliability of morphological identification and storage protocols for future studies on the 
distribution, host range and impact of the two invasive copepods, and verify whether these 
species represent a case of ‘crypticism-in-retrospect’ resulting from species invasions. 
 
Materials and Methods 
Sample selection 
To ascertain that identification is reliable for all Mytilicola individuals found in the introduced 
region, we used a large pool of Mytilicola spp. that originated from different locations and 
different host species. Copepods were collected in two regions that were important invasion 
pathways of both copepods; the Dutch Delta (6 locations; May 2012) and the Wadden Sea (9 
locations; different months in 2010-2012; Fig. 4.1; Supplementary Table S4.1). All Mytilicola 
individuals were freshly removed from their host and stored in 96% ethanol. The copepods 
originated from the two main hosts, Pacific oysters (Crassostrea gigas; mean shell length ± SE: 
120.3 mm ± 2.8 mm) and blue mussels (Mytilus edulis; mean shell length ± SE: 47.3 mm ± 0.6 mm). 
We took almost twice as many Mytilicola samples from mussels than from oysters, because 
mussels are host to both Mytilicola species and oysters only to one (M. orientalis) (Goedknegt et 
al., 2017).   Individual copepods were then randomly drawn from each region/host species 
combination until, when possible, all host-sex categories (i.e.  males and females of M. intestinalis  
and males and females of M. orientalis, see Materials and Methods section Morphological 
measurements and identification) were filled with at least 20 individuals for the Dutch Delta and 
25 individuals for the Wadden Sea, where we sampled more locations (Fig. 4.1, Supplementary 
Table S4.1). However, as expected, M. intestinalis was not found in Pacific oysters and therefore 
this host/parasite category remained empty.  
 
Morphological measurements and identification 
Morphological species identification of individual copepods (performed by a single observer) was 
based on the shape of the dorsal appendages (folded inwards and stunted in M. intestinalis and 
outwards and pointed for M. orientalis (Mori, 1935; Elsner et al., 2011) and on the shape of the 
caudal ramus (thick and widely divergent in M. intestinalis and narrow and non-divergent in M. 
orientalis, Fig. 4.2) (Elsner et al., 2011). Regarding sex determination, individuals were 
considered to be females when the cephalosome is trapezoid shaped (Ho and Kim, 1992) and the 
second maximilliped was missing (too small to be shown in Fig. 4.2) (Steuer, 1902). Additionally, 
only in females the posterior end of the abdomen (where the egg sacs are attached to) was 
trapezoid in shape, a feature that is easy to observe and we refer to as ‘pre-tail’ in this study (Fig. 
4.2) (unpublished observations M. A. Goedknegt). 
After the pre-sorting into the four species-sex categories the same observer conducted 
quantitative morphological measurements. With a camera (AxioCam ICc3) attached to a stereo 
microscope (Zeiss V8 discovery), pictures were taken of each individual copepod and body size 
measurements were conducted with the software package AxioVision. Head length (maximum 
vertical diameter), body width (males: thinnest part of the animal, females: between the 4th and 
5th segment) and body length were measured. The divergence of the caudal rami (Elsner et al., 
2011) was measured as the tail angle. This was the angle from which each tail part diverted from 
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the 0° line that divides the copepod vertically into two symmetrical parts. In addition, the number 
of segments carrying appendages was counted and the shape of the appendages was noted 
(stunted or pointy). For females, also length of the pre-tail (distance from posterior end of 
abdomen - where the egg sacks are attached - to the end of the tail) was measured. See Fig. 4.2 for 
more details on body measurements of both sexes of both parasite species.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.1 Sampling locations of blue mussel (Mytilus edulis) and Pacific oyster (Crassostrea gigas) hosts. A) 
The sampled regions the Dutch Delta and the Wadden Sea (shaded area), with the islands Sylt (north) and 
Texel (south). B) Sampling locations around the island of Sylt. C) Sampling locations around the island of 
Texel. D) Sampling locations in the Dutch Delta. For exact coordinates see Supplementary Table S4.1. 
 
Molecular identification 
For the molecular identification of the species identity of each copepod individual we developed 
two taxon specific primers that were previously used for species identification (Goedknegt et al., 
2017). Taxon specific primers were designed on the basis of previously published Mytilicola 
intestinalis and M. orientalis cytochrome-c-oxidase I sequences (Genbank accession numbers 
HM775191-M775197) (Elsner et al., 2011). The new primers (MOICOIf 5'-
CTTAATTACAGGGGTMTGATCGG-3' and MOICOIr 5'-TCGATCTGTTAAAAGCATAGTAATYG-3') 
amplify a 534 bp fragment yielding a PCR product of 83 bp (base pairs) long.  
A diagnostic RFLP (restriction fragment length polymorphism) assay was developed that 
could distinguish between M. intestinalis and M. orientalis. The restriction enzyme NciI recognizes 
and cuts the sequence CC/SGG (where S = C or G and / indicates the cut site). The PCR product of 
M. intestinalis is cut once by NciI, and that of M. orientalis is cut twice. In M. intestinalis this results 
in two restriction fragments of 366 and 217 bp long. In M. orientalis the resulting pattern consists 
of three fragments 286, 222 and 75 bp long. This difference between the species was visualized 
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on 2% agarose gels which were run for 120 min. at 60 V, followed by staining with ethidium 
bromide.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2 Schematic representation (not to scale) of both sexes of both introduced Mytilicola species. On the 
left both sexes of M. intestinalis and on the right both sexes of M. orientalis with indications of the body size 
measurements that were taken. Note the stunted appendages (folded in) of M. intestinalis and pointy 
appendages in M. orientalis. Drawings with courtesy of Felipe Ribas.  
 
Effects of storage method on morphology 
To investigate the effects of storage method on copepod morphology, we sampled males a nd 
females of both Mytilicola species from mussel hosts (mean ± SD: 50.0 ± 6.3 mm) which were 
collected at two locations at the island of Texel: Vlakte van Kerken and Mokbaai (location 5 and 
9, respectively in Fig. 4.1C). These samples were randomly assigned to two groups: 1) samples 
were taken fresh from the host, measured, stored in 96% ethanol and measured again after two 
weeks (n = 33); and 2) samples were taken fresh from the host, measured, frozen (-20 ⁰C) for six 
weeks, defrosted, measured, stored in 96% ethanol and measured again after two weeks (n = 29; 
for descriptions of morphological measurements see Materials and Methods section 
Morphological measurements and identification).  
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Statistical analysis 
All statistical analyses were performed using the statistical software package R (R Development 
Core Team, 2016). Prior to the analyses, homogeneity and normality assumptions were checked 
by using boxplots, histograms and qqplots (Zuur et al., 2010). 
 
Effects of origin 
In order to rule out any potential biases of the origin of the parasite on morphological body 
measurements, we used linear models to investigate the relationships between parasite body size 
and 1) host species (only for M. orientalis which infects both host species), 2) host size (for each 
of three parasite-host combinations) and 3) region (for each of the two host species). Sex of the 
parasite was used as an additional factor in all models. For the region models, we used a linear 
model to test and account for the relationship between parasite size and host size for both host 
species. Subsequently, we used the residuals of this model as response variable in the region 
models (i.e., correcting for host size), together with the molecular identity of the parasite species 
(only for the mussel model). We used parasite body length for these investigations, because this 
variable correlated with other size variables (head length, width and pre-tail, the latter only for 
females; see Supplementary Fig. S4.1) 
 
Multivariate morphometric analyses 
As both parasite species only co-occur in blue mussels in the investigated region, only parasites 
originating from this shared host were used in the multivariate analyses. The morphology of each 
individual parasite was characterized via seven morphometric parameters: body length, head 
length, width, tail angle, number of segments and shape of appendages (see Materials and 
Methods section Morphological measurements and identification), in which the latter was a 
dummy-coded nominal variable. The variable ‘pre-tail length’ is only a female feature, resulting 
in seven different morphological variables for females and six for males. For this reason and the 
fact that sex is only morphologically assessed, the multivariate morphometric analyses were 
executed for each sex separately and were performed in two steps. First, a principal component 
analysis (PCA) was conducted to illustrate the relative contribution of each of the morphological 
variables for each parasite species. Prior to this analysis all the morphometric variables were 
checked for outliers, which were removed when the value was larger than the mean plus three 
times the standard deviation, and subsequently all morphometric variables were log 
transformed. Second, a discriminant function analysis (DFA) was performed to investigate the 
accuracy of morphological species identification. With this analysis, the hypothesis was tested 
that the a priori defined groups of parasites (molecular species identity) would differ significantly 
in their combination of morphometric variables. In the DFA, untransformed variables (excl. 
outliers) were standardized by using the decostand function in the vegan package in R (Oksanen 
et al., 2016). The DFA was executed by the lda function of the MASS package (Venables and Ripley, 
2002) in which the Wilks lambda statistic was used to test for an overall group effect. To 
determine the most important variables in the discrimination between groups, a stepwise 
discriminant function analysis was employed. Based on the total sum of Mehalanobis distances, 
this stepwise approach removed variables to produce a discriminant function with only 
important variables. In addition to the analysis of the full morphological data set, we did several 
straightforward calculations on the proportions of correct identifications when using only the 
two morphological features that are the easiest to asses (tail angle and shape of the appendages).  
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Effects of storage method  
Differences between body size measurements within Group 1 (fresh - ethanol samples) were 
tested with (paired) Welch t-test’s when variables were normally distributed and with non-
parametric Wilcoxon rank tests when this assumption was violated. Differences between 
measurements within Group 2 (fresh - frozen - ethanol samples) were tested with a repeated 
measures ANOVA. To test for differences between groups for both fresh and ethanol treatments, 
the Welch t-test’s or non-parametric Wilcoxon rank tests were used.  
 
Results 
Molecular results 
Of the 307 morphologically identified Mytilicola samples (Table 4.1), most individuals displayed 
one of the two expected banding patterns in the PCR product and could accordingly be assigned 
to one of the two Mytilicola species (for examples of banding patterns see Supplementary Fig. 
S4.2). Nevertheless, in 15 cases, banding patterns deviated from expectations in three different 
ways. First, the PCR fragment had remained uncut after the restriction reaction (one individual). 
Second, eight individuals displayed an ambiguous pattern consisting of bands from both species 
(e.g., lane 15 in Supplementary Fig. S4.2). Third and finally, incompletely digested patterns 
occurred in six individuals (e.g., lanes 1-8 and lane 16 in Supplementary Fig. S4.2). To be 
conservative all these individuals were omitted from subsequent analysis. This resulted in a pool 
of 292 molecular identified individual copepods that originated from three different regions and 
two different host species, falling in the following categories: Mytilicola intestinalis female (n = 
40), M. intestinalis male (n = 47), Mytilicola orientalis female (n = 109) and M. orientalis male (n = 
96). 
 
Table 4.1 Sample sizes of introduced Mytilicola species in different sub-categories.  Subcategories involve 
host species (Crassostrea gigas and Mytilus edulis), parasite species (Mytilicola orientalis and Mytilicola 
intestinalis), sexes (males and females) and the two regions (Dutch Delta and Wadden Sea).  Assignments 
were based on genetic (copepod species and morphological (sex) identification.  
 
Effects of origin 
Host species and size 
For Mytilicola orientalis, which uses both blue mussels (Mytilus edulis) and Pacific oysters 
(Crassostrea gigas) as host, host species identity was an important determinant for parasite body 
length as the copepods were significantly larger in oysters (linear model; F 1,193 = 6.721, p < 0.05; 
Fig. 4.3). Additionally, in both host species, M. orientalis females were larger than males (F1,193 = 
599.470, p < 0.001). 
Host species Copepod species Sex Dutch Delta Wadden Sea Total 
Crassostrea gigas M. orientalis  Males 22 31 53 
  Females 24 32 56 
Mytilus edulis M. orientalis Males 
Females 
20 
21 
27 
35 
47 
56 
 M. intestinalis Males 20 30 50 
  Females 19 26 45 
 Total  126 181 307 
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Furthermore, host size positively affected parasite body length in mussels (linear regression; M. 
orientalis R2 = 0.87, p < 0.001; M. intestinalis R2 = 0.84, p < 0.001), but not in oysters (p = 0.202; 
Fig. 4.4). For all parasite species and host combinations in this model, there was a significant 
difference between the parasite sexes regarding the relationship between host size and parasite 
body length (M. orientalis in mussels F1,99 = 633.554, p < 0.001; M. intestinalis in mussels F1,87 = 
329.325, p < 0.001, M. orientalis in oysters F1,97 = 200.376, p < 0.001). No significant interactions 
between sex and host size were found for neither of the parasite-host combinations (M. orientalis  
in mussels p = 0.365; M. intestinalis in mussels p = 0.830; M. orientalis in oysters p = 0.418). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.3 Boxplots of Mytilicola orientalis body length (µm) in both host species. In grey copepods originating 
from oyster (Crassostrea gigas) hosts, in white copepods originating from mussel (Mytilus edulis) hosts 
from the Dutch Delta and Wadden Sea, for both females (left) and males (right). 
 
Region  
Body length of both parasite species (corrected for host size) in blue mussels did not differ 
between regions (p = 0.350; Fig. 4.5). Furthermore, within the mussel host, M. orientalis was 
overall larger than M. intestinalis (F1,179 = 15.568, p < 0.001), but a significant interaction term 
with sex showed that M. orientalis males were smaller than M. intestinalis males (F1,179 = 7.110, p 
< 0.01). Furthermore, for both parasite species females were larger than males (F1,179 = 1048.029, 
p < 0.001). 
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Fig. 4.4 Relationship between host shell length (mm) and parasite body length (µm) per sex for each 
Mytilicola-host species combination. A) Mytilicola orientalis in blue mussels (Mytilus edulis). B) M. 
intestinalis in blue mussels. C) M. orientalis in Pacific oysters (Crassostrea gigas). Fitted lines are significant 
regressions. 
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In Pacific oysters, M. orientalis parasites were larger in the Wadden Sea than in the Dutch Delta 
(F1,97 = 9.656, p < 0.01) and females larger than males (F1,97 = 240.112, p < 0.001). In addition, a 
significant interaction term indicated that the relationship between body length and region was 
dependent on the sex of the parasite (F1,189 = 9.297, p < 0.01).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.5 Parasite body length (corrected for host size) for both introduced Mytilicola species. In grey 
Mytilicola intestinalis and in white Mytilicola orientalis at each region for females (left) and males (right). 
 
Reliability of morphological identification 
Principle component analysis  
Morphological differences between parasite species were illustrated with a Principal Component 
Analysis (PCA), with limited overlap between species for females (n = 92, Fig. 4.6A), but 
considerable overlap in males, as many individuals presented intermediate morphologies (n = 90, 
Fig. 4.6B). This sex-related difference in species partitioning had consequences for the 
assessment of the reliability of morphological species identification with the Discriminant 
Function Analysis (DFA) for both sexes.  
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DFA for females 
In total, 92 females entered the discriminant analysis with the following prior probabilities per 
group: M. intestinalis 0.41 (n = 38) and M. orientalis 0.59 (n = 54). One discriminant function was 
extracted and this was highly significant (Wilks λ = 0.227, F1,141 = 40.925, p = < 0.001), indicating 
a clear discrimination between groups. The first discriminant function with standardized 
discrimination coefficients for females is given by: 
Fi = 1.33 × appendagesi + 0.62 × pre-taili + 0.21 × segmentsi + 0.03 × headi - 0.55 × tail 
anglei - 0.07 × lengthi - 0.02 × widthi   
Discriminant distributions show minimal overlap between two groups and therefore the 
discrimination was relatively accurate (Fig. 4.7A). The classification of the groups was highly 
successful for females; 95% of M. intestinalis females and 91% of M. orientalis females were 
correctly assigned to one of the two Mytilicola groups.  
The morphological features used for identification strongly differed in their importance 
for a correct assignment. The variable ‘shape of appendages’ had by far the highest coefficient in 
the discriminant function. Similarly, the backward selection procedure showed that the shape of 
appendages, length of the pre-tail and the tail-angle were the last variables to be dropped, 
indicating their importance in the discrimination between the two parasite species.  
When only using the morphological features that were the easiest to assess (shape of 
appendages and tail-angle) a large proportion of individuals could still be correctly assigned to 
the genetically identified species. By using the shape of the appendages as morphological 
identification feature, 97% of the M. intestinalis females and 87% of the M. orientalis females were 
correctly identified. If the tail angle was used as the only identification criterion, for 81% of the 
M. orientalis females and 84% of the M. intestinalis females the species identification was correct. 
A tail-angle of 20° was hereby used as cut-off point based on the group averages (a tail-angle < 
20° was handled as “narrow” (M. intestinalis) and ≥ 20° was treated as “wide” (M. orientalis)). 
From all genetically identified females, 94% of M. orientalis and 97% M. intestinalis individuals 
were correctly identified by either using the shape of the appendages or the angle of the tail.  
 
DFA for males 
In total, 90 males entered the discriminant analysis with the following prior probabilities per 
group: M. intestinalis 0.51 (n = 46) and M. orientalis 0.49 (n = 44). For males, one discriminant 
function was extracted and was highly significant (Wilks λ = 0.692, F1,88 = 6.152, p < 0.001). The 
first discriminant function with standardized discrimination coefficients for males is given by:  
Mi = 0.76 × appendagesi + 0.49 × lengthi – 0.48 × segmentsi – 0.46 × headi   – 0.19 × widthi 
– 0.06 × tail anglei  
For males, discriminant distributions show more overlap between the two groups than 
for females (Fig. 4.7B). This also showed in the classification of males, which was less reliable 
than that of females; 78% of M. intestinalis males and 73% of M. orientalis males were correctly 
assigned to one of the two Mytilicola groups.  
Like in females, the variable ‘shape of appendages’ had the highest coefficient in the 
discriminant function for males. Also, the backward selection procedure showed that the shape 
of appendages was the last variable to be dropped, indicating its importance in the discriminant 
function.  
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Fig. 4.6 Principal component analysis for each sex separately. A) Females (n = 92; 7 morphological 
variables). B) Males (n = 90, 6 variables). In grey, the individual parasites that were molecularly identified 
as Mytilicola intestinalis, in black Mytilicola orientalis. 
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When using only the shape of appendages as morphological identification feature, some males 
could still be correctly assigned to the genetically identified species. However, the success rate 
was not as high as that for females: 70% of the M. orientalis and 76% of the M. intestinalis males 
were correctly identified. The angle of the tail was less important in the discrimination between 
groups for males, but if this feature was used as the only identification criterion, 64% of the 
genetically identified M. orientalis and 63% of the M. intestinalis males were correctly identified. 
From all genetically identified males, 82% of M. orientalis and 78% of M. intestinalis individuals 
were correctly identified by either using the shape of the appendages or the angle of the tail.  
 
 
 
 
 
 
 
 
 
 
Fig. 4.7 Discriminant distributions for each sex separately. A) Females (n = 92) of the parasitic copepods 
Mytilicola spp.. B) Males (n = 90). In grey Mytilicola intestinalis and in white Mytilicola orientalis. On the x-
axis the discriminant score of the first discriminant function and on the y-axis the relative frequency of the 
observations. The light grey area indicates observations with erroneous morphological identification.  
 
Effects of storage method on morphology 
We compared two groups of Mytilicola spp. that differed in storage methodology. In both groups, 
Mytilicola individuals were removed fresh from their host, but in Group 1 the samples were stored 
directly in ethanol, while in Group 2 the samples were frozen prior to ethanol storage. 
No significant differences were found in body size measurements of fresh samples 
between Group 1 and Group 2 at the start of the experiment (all p > 0.05). Within the first group 
(fresh-ethanol), samples were significantly smaller after being stored in ethanol (all p < 0.05), 
however the shape of the appendages and the number of segments remained the same (Table 
4.2). Length measurements (body length, head length, width, pre-tail) were, on average, 17.4% 
shorter after storage in pure ethanol. Within the second group (fresh-frozen-ethanol) there was 
no significant difference in body length between fresh and frozen samples (all p > 0.05), but 
frozen samples were significantly smaller after storage in ethanol (p < 0.05, except for pre-tail p 
= 0.106), however these samples shrunk less (9.0%) than fresh samples (Table 4.2).  
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Table 4.2 Effects of storage method on Mytilicola spp. morphology. The percentage of shrinkage of 
morphological measurements after storing fresh samples in ethanol (Group 1) and storing frozen samples 
in ethanol (Group 2). Welch paired t-test results are given in the adjacent columns.  
 
Discussion 
Our analyses show that M. orientalis and M. intestinalis are significantly morphologically 
differentiated, but with considerable overlap, and that no accurate diagnostic character exists in 
the study area where both invasive species now co-occur. The error rate of assignment to species 
is not equal for the sexes and is more than three times higher in males (25%) than in females 
(7%). We therefore argue that this is a case of ‘crypticism-in-retrospect’ by invasion, in which the 
two species were originally described from different parts of the globe (the Mediterranean Sea 
and Japan) and from different hosts (blue mussels and Pacific oysters). Now that the species' 
ranges and hosts overlap, a sharp distinction between their morphologies is not seen. Whether 
the morphologies of the populations that yielded the type specimens are more clearly 
differentiated would be interesting to find out, but this is unknown at present.  
For both males and females, the shape of the appendages is the most important 
discriminant factor in the multi-variate analyses and using only the shape of the appendages for 
identification, the two species can still be correctly distinguished in many cases (females: 87-97% 
and males: 70-76%). The shape of the dorsal appendages (pointy or stunted) is generally easier 
to observe for females as they carry pointy appendages on almost every segment of the body, 
while for males only the 3rd and 4th segments are pointy (Ho and Kim, 1992; unpublished 
observations M. A. Goedknegt). Unfortunately, the most useful feature for distinguishing between 
both species is subject to personal observation bias as it is a qualitative feature (pointy vs. stunted 
appendages). Nevertheless, this feature has also been used by other authors (Mori, 1935; Elsner 
et al., 2011). Another straightforward morphological feature, the tail angle, has been mentioned 
as a useful distinguishing feature in previous studies (Elsner et al., 2011), but in our data this 
variable was only useful for discriminating between species for females. Other morphological 
measurements such as body length, width, the length of the head and the pre-tail (females only) 
did not discriminate between species in the discriminant analysis. Interestingly though, these 
features are sometimes related to the origin of the parasites. Copepod body length is significantly 
affected by location (only parasites originating from oysters), host size (only parasites originating 
from mussels) and host species (only for M. orientalis) and because of collinearity, other body size 
measurements are likely affected by the origin of the parasites as well. These results suggest that 
a series of more comprehensive morphological measurements will not increase the reliability of 
morphological identification. In addition to morphological measurements, the number of 
 Group 1 Group 2 
 Fresh-ethanol 
% shrinkage 
t df p Frozen-ethanol 
% shrinkage 
t df P 
Body length 17.2 2.348 31 < 0.05  7.4 3.059 28 < 0.05 
Head length 22.2 4.112 32 < 0.05 8.3 2.739 28 < 0.05 
Width 14.1 2.624 31 < 0.05 10.9 3.101 28 < 0.05 
Pre-tail length 16.0 2.437 14 < 0.05 9.5 1.709 17 0.106 
Average 17.4    9.0    
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segments is not an important identification feature as it only discriminates between sexes (and 
life stages; Gee and Davey, 1986a). Therefore, of all the morphological variables, the shape of 
appendages and, to a lesser extent, tail angle can be considered as the most reliable and feasible 
identification features.  
Storage both in ethanol and by freezing is recommended if species identification is based 
on the shape of the appendages, because this feature is not affected by the storage method. 
However, the storage of fresh samples in ethanol is advisable for molecular identification. If 
morphological measurements are intended, shrinkage in body size (body length, head length, 
width, pre-tail length) must be taken into account compared to fresh samples. Our study indicates 
that this shrinkage can be reduced if samples are first frozen and then transferred to ethanol. 
Regarding species identification, the method of choice will depend on the level of accuracy 
required for the research question at hand. If 100% accuracy is needed, then identification with 
molecular methods will be required for both sexes. However, if lower accuracy is acceptable, 
identification can be based on the shape of the appendages leading to 87-97% and 70-76% 
accuracy in females and males, respectively. Nevertheless, as these data were collected by one 
experienced observer, the reliability of morphological identification is likely to vary among 
multiple and/or unexperienced observers.  
Although our analyses showed that M. orientalis and M. intestinalis are morphologically 
differentiated, there is considerable overlap in morphological features between the two species 
and no 100% accurate diagnostic character seems to exist in the study area where both invasive 
species now co-occur. We therefore argue that the two parasitic copepods are a case of 
‘crypticism-in-retrospect’ by invasion. Although both species have originally been described 
separately for the Mediterranean Sea and Japan, their recent invasion along the North Atlantic 
coast has led to an overlap in geographic and host range where a sharp distinction between their 
morphologies is not seen. The fact that morphology is found to be somewhat differentiated 
between locations and hosts may yield clues as to the possible cause(s) of crypticism in these  
species. Several hypotheses have been put forward that may explain the phenomenon of cryptic 
species in an evolutionary context, among others those are: convergent morphological evolution, 
morphological stasis by stabilizing selection, relaxed selection on morphology, selection for 
phenotypic plasticity, and high levels of genetic variability for morphology related to large 
effective population size (Potter et al., 1997; Bickford et al., 2007; Egea et al., 2016). Furthermore, 
particular environments or taxa may harbour more cryptic species than others, although this is 
still debated (Knowlton, 1993; Nygren, 2014; Bickford et al., 2007; Pfenniger and Swenk, 2007). 
The observed differences in morphology among hosts and locations reject stabilizing selection as 
a potential cause for the similar morphology between these molecularly diverged species. In 
contrast, the morphological differentiation is consistent with several other possible causes, 
including plasticity, relaxed selection and large effective population sizes. Whatever the exact 
mechanisms, the phenomenon of reversed crypticism in these two species has several important 
implications. First, researchers may draw erroneous conclusions about the distribution and host 
range of both Mytilicola species. For instance, a study in the Exe estuary in the UK reported the 
presence of M. intestinalis in Pacific oysters (Aguirre-Macedo and Kennedy, 1999), while this 
parasite-host relationship has never been reported later when the existence of a second related 
species was known and it may therefore actually not exist (Elsner et al., 2011; Goedknegt et al., 
2017). This conclusion is also supported by the lack of successful artificial infections of Pacific 
oysters with M. intestinalis (Elsner et al., 2011; personal communications M. E. Feis). Hence, most 
likely the parasite species encountered was actually M. orientalis and the researchers were 
probably not aware of the recent introduction of a new Mytilicola species due to the 
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morphological similarities of the two parasitic copepods. Second, studies on the impacts of the 
two parasite species on (often ecologically and commercially important) bivalve hosts, gave 
contradictory results (e.g., Lauckner, 1983; Steele and Mulcahy, 2001) and this may also be the 
result of misidentifications.  
 
Conclusions 
Our results show that no reliable diagnostic character can flawlessly discriminate between two 
co-occurring invasive parasite species (Mytilicola orientalis and M. intestinalis), which have 
originally been described separately. This case of ‘crypticism-in-retrospect’ can serve as a 
cautionary example for other taxa with shifting distributional ranges, e.g. due to global change or 
human-mediated introduction (Lenoir and Swenning, 2014). When site of origin can no longer 
discriminate between species, a closer examination of morphological and genetic differentiation 
will be advisable.  
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Supplementary material 
 
Table S4.1 Sampling locations, coordinates for each site and the month and year of host collection. 
 
Region Location Coordinates Date 
Wadden Sea  1 55.0175 °N, 8.2605 °E Sept 2010/May 2012 
 
2 54.4748 °N, 8.1841 °E May 2012 
 
3 53.0951 °N, 4.5332 °E August 2010 
 
4 53.0858 °N, 4.5427 °E May 2012 
 
5 53.0646 °N, 4.5434 °E February 2011 
 
6 53.0041 °N, 4.5903 °E March 2011 
 
7 52.5580 °N, 4.5412 °E March 2011/May 2012 
 
8 52.5605 °N, 4.4888 °E November 2010 
 
9 53.0022 °N, 4.4541 °E May 2012 
Dutch Delta 10 51.4048 °N, 8.1179 °E May 2012 
 
11 51.4017 °N, 4.0617 °E May 2012 
 
12 51.3743 °N, 3.5507 °E May 2012 
 
13 51.4121 °N, 3.4723 °E May 2012 
 
14 51.3729 °N, 3.4213 °E May 2012 
 
15 51.3141 °N, 3.5824 °E May 2012 
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Abstract  
Invasive species can cause indirect effects on native biota by modifying parasite-host interactions 
and disease occurrence in native species. This study investigated the role of the invasive Pacific 
oyster (Crassostrea gigas) in potential spillover (co-introduced parasites infect native hosts) and 
spillback (native or established parasites infect invasive hosts and re-infect native hosts) 
scenarios of recently introduced (Mytilicola orientalis) and previously established (Mytilicola 
intestinalis) marine parasitic copepods in two regions in northern Europe, the Dutch Delta and 
the Wadden Sea. By examining 3416 individuals of 11 potential host species from sympatric host 
populations, we found that the recently introduced parasite M. orientalis does not only infect its 
principal host, the invasive Pacific oyster (prevalence at infected sites 2-43 %, mean intensity 4.1 
± 0.6 SE), but also native blue mussels (Mytilus edulis; 3-63 %, 2.1 ± 0.2), common cockles 
(Cerastoderma edule; 2-13 %, 1.2 ± 0.3) and Baltic tellins (Macoma balthica; 6-7 %, 1.0 ± 0), 
confirming a spillover effect. Spillback effects were not observed as the previously established M. 
intestinalis was exclusively found in blue mussels (prevalence at infected locations 3-72 %, mean 
intensity 2.4 ± 0.3 SE). The high frequency of M. orientalis spillover, in particular to native 
mussels, suggests that Pacific oysters may cause strong parasite-mediated indirect impacts on 
native bivalve populations. 
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Introduction 
When species are introduced to new ecosystems they often cause a multitude of impacts on native 
biota (Davis, 2009; McGeoch et al., 2010; Lockwood et al., 2013). Among the commonly identified 
direct impacts are resource competition with and predation on native species (Parker et al., 1999; 
Simberloff et al., 2013). However, invasive species can also exert indirect effects, e.g. by modifying 
native parasite-host interactions that can result in disease emergence in native species. The 
frequency of such effects is exemplified by the IUCN list of the ‘100 world’s worst invasive alien 
species’ (Lowe et al., 2000) which notes diseases as the cause for ecological and economic impacts 
for a quarter of the invasive species on the list (Hatcher et al., 2012).  
Several mechanisms can lead to parasite-mediated effects on native biota (Goedknegt et 
al., 2016). A first underlying mechanism is the co-introduction of parasites with invasive species 
which may spill over to naive native host species (parasite spillover), which can lead to emerging 
diseases that potentially have knock-on effects on invaded ecosystems (Daszak et al., 2000; 
Prenter et al., 2004; Kelly et al., 2009). In marine systems, this mechanism is relatively common 
as 73 % of parasite co-introductions with invasive species resulted in parasite spillover from 
invasive to native species, and almost half of these events led to mass mortalities of native host 
species (reviewed in Goedknegt et al., 2016).  
A second mechanism is that invasive species may modify established parasite-host 
interactions in the invaded region. For example, when invasive species function as an alternative 
host for native or previously established parasites, they may increase parasite population sizes 
and lead to increased infection levels in native host populations (parasite spillback; Kelly et al., 
2009). The basic requirements for parasite spillback are that (1) the invasive host species must 
acquire a native or previously established parasite, (2) the invasive host species must be a 
competent host and amplify parasite populations, and (3) the parasite must spill back from the 
invasive to native host species (Kelly et al., 2009). In addition, when these three requirements are 
met, the relative density of invasive hosts to native hosts must be sufficiently high so that the 
invasive hosts can act as a reservoir of infection (Paterson et al., 2011; 2013). While there is ample 
evidence for the acquisition of native parasites by invasive host species (step 1 of parasite 
spillback; e.g. Miller and Vincent, 2006; Georgiev et al., 2014; Lewicki et al., 2015; Sheath et al., 
2015) there is little conclusive evidence for an actual amplification and/or spillback to native 
species (but see Hershberger et al., 2010; Goedknegt et al., 2016). Finally, as an alternative 
mechanism to parasite spillback, incompetent invasive host species can act as a sink by diluting 
the native parasite population and thereby reducing the disease risk for native species 
(transmission interference or parasite dilution; Thieltges et al., 2009b; Paterson et al., 2011; 
Poulin et al., 2011; Goedknegt et al., 2016). 
Parasite spillover, spillback and dilution effects may also contribute to indirect impacts of 
one of the most prominent invaders in European marine ecosystems, the Pacific oyster 
(Crassostrea gigas). This species originates from East Asia and was imported for commercial 
cultivation worldwide (Arakawa, 1990; Troost, 2010), where it often spread from aquaculture 
facilities into the wild. Pacific oysters were also introduced from British Columbia to the 
Netherlands (1960s Dutch Delta; 1980s Southern Wadden Sea; Drinkwaard, 1999; Troost, 2010) 
and from the UK to Germany (1990s northern Wadden Sea; Reise, 1998; Moehler et al., 2011). 
Currently, both of these genetically differentiated invasions (Moehler et al. , 2011) established 
persistent populations in the Wadden Sea (Ruesink et al. , 2005), raising conservation concerns 
over competition with native blue mussels (Mytilus edulis; Troost, 2010). Together with the 
Pacific oyster, the parasitic copepod Mytilicola orientalis was co-introduced to Europe in the 
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1960/70s via oyster imports from cultures in British Columbia (His, 1977), where it had been 
introduced in the 1930s (then still known as Mytilicola ostreae; Wilson, 1938). This intestinal 
parasite has a direct life cycle with a free-living larval stage and was originally described by Mori 
(1935) from Pacific oysters in its native range in the Sea of Japan. In the Dutch Delta, M. orientalis  
has been observed since the 1990s (Stock, 1993), whereas it has only recently been documented 
in the Wadden Sea (Elsner et al., 2011; Pogoda et al., 2012). The parasite was reported to show 
relatively low host specificity (Lauckner, 1983; Grizel, 1985) and has already spilled over to M. 
edulis and Ostrea edulis at European (French and Dutch) coasts (His, 1977; Stock, 1993). However, 
quantitative data on the host range of the introduced parasite in the different invaded regions are 
largely missing to date. In addition, information on the actual competency of different hosts for 
M. orientalis is absent. For example, the presence of egg-bearing females would be indicative of 
competent hosts. Likewise, the body sizes of parasites in different host species could be indicative 
of the relative host competency, with larger parasite body sizes usually related to higher fecundity 
(Poulin and Morand, 1997). 
For a closely related congeneric copepod, the previously established Mytilicola 
intestinalis, more data are available for native hosts in European waters. This species has become 
notorious as the ‘red worm disease’ since it allegedly caused mass mortalities of its main host, the 
blue mussel, in the North Sea in the 1950s and 1960s (Korringa, 1968), although there has been 
considerable debate about the actual lethality of the parasite (e.g. reviewed by Lauckner, 1983). 
M. intestinalis has a smaller geographic range than its congeneric M. orientalis and is only found 
along European coasts where it was first described in Mediterranean mussels (Mytilus 
galloprovincialis) in the Adriatic Sea (Steuer, 1902). Yet, as it has continuously existed in the North 
Sea for 80 years (first observation in 1937 in Southampton, UK; Cole, 1951), this established 
parasite provides a suitable model system to study spillback effects. Pacific oysters have been 
mentioned as potential hosts for M. intestinalis (Gotto, 2004), making spillback via invasive 
oysters to native host species a likely scenario. Alternatively, if the Pacific oyster appears to be an 
incompetent host for the parasite M. intestinalis, the invasive species potentially acts as a sink, 
making a dilution effect likely. However, similarly to M. orientalis spillover, no quantitative data 
are available to evaluate the likelihood of such events.  
To provide such quantitative data, we investigated the role of the invasive Pacific oyster 
in potential spillover, spillback and dilution scenarios of the two parasitic copepods (the invasive 
M. orientalis and the previously established M. intestinalis) at several sites in two regions in 
northern Europe with different invasion histories; the Dutch Delta and the Wadden Sea (Fig. 5.1). 
By conducting an extensive field survey of sympatric populations of potential hosts, we focused 
on four specific questions: (1) Can the parasitic copepod M. orientalis, which was co-introduced 
with Pacific oysters, spill over to other native molluscs next to the blue mussel?; (2) are 
differences in the invasion history of the Pacific oyster between the two regions (Dutch Delta and 
Wadden Sea) reflected in differences in M. orientalis infection in blue mussels and Pacific oysters 
in these regions?; (3) do hosts of M. orientalis differ in their suitability for the parasite?; (4) do 
invasive Pacific oysters become infected with the previously established copepod M. intestinalis  
and thus have the potential to cause spillback to native mussel hosts, or does the Pacific oyster 
act as a potential sink for this parasite? Answering these questions allows for an evaluation of the 
overall risk of the invasive Pacific oyster to exhibit indirect impacts on invaded ecosystems by 
mediating parasite-host dynamics. 
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Materials and methods 
Host sampling 
Host samples originated from three sources: (1) Samples from May 2012 originating from 6 
mixed oyster/mussel beds in the Wadden Sea (Fig. 5.1 A-C) and 6 beds in the Dutch Delta (Fig. 
1A, D; for coordinates of locations see Supplementary Table S5.1). In the first region, we focussed 
on two islands at both ends of the Wadden Sea to cover both invasion pathways of Pacific oysters 
(C. gigas): Sylt (north, n = 2 locations, Fig. 5.1 A, B) and Texel (south, n = 4 locations, Fig. 5.1 A, C). 
In the Dutch Delta (n = 6 locations, Fig. 5.1 A, D), we concentrated on locations around the 
Oosterschelde estuary, the centre of oyster aquaculture in the Netherlands. At each location in 
the Wadden Sea and the Dutch Delta, at least 30 Pacific oysters (shell length 53.8-226.5 mm) and 
blue mussels (M. edulis; 15.5-65.5 mm) were collected by hand from mixed oyster/mussel beds. 
In addition, we collected other mollusc species in the surroundings (up to 500 m distance) of the 
mixed beds by sieving excavated sediment (see Table 5.1 for species list and shell lengths). (2) 
Due to the low availability of host species other than Pacific oysters and blue mussels in the Dutch 
Delta, we obtained samples from a monitoring program conducted by the research institute 
IMARES in this region in May 2012. These samples (mostly common cockles C. edule) were used 
in addition to samples we gathered ourselves from the Dutch Delta. Sampling took place within a 
grid (500 m distance between sampling points) in four areas in the Oosterschelde estuary (Van 
Zweeden et al., 2012; striped area in Fig. 5.1; Supplementary Fig. S5.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.1 A) Sampling locations with sympatric oyster and mussel populations within two regions (Wadden 
Sea and Dutch Delta) of the main sampling campaign in May 2012, B) Wadden Sea-Sylt, C) Wadden Sea-
Texel, and D) the Dutch Delta. The striped area indicates the Oosterschelde estuary where additional 
samples were sourced (for more details see Materials and methods and Supplementary Fig. S5.1). Maps 
adapted from NOAA National Geophysical Data Centre. For exact coordinates of locations see 
Supplementary Table S5.1.  
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At each sampling point, three samples were taken with a cockle shovel (Perdon and Troost, 2012). 
Approximately 100 common cockles (11.5-46.0 mm) and all other bivalve species in each of the 
four areas were selected for dissection. (3) To ascertain the presence of previously found M. 
orientalis in common cockles (M. Feis, pers.comm.), two additional sample batches of this host 
species were taken in summer 2012, one from a tidal flat near an oyster bed in the south of Texel 
(Mokbaai; Supplementary Fig. S5.2) and one from extensive tidal flats southeast of Texel 
(Balgzand), the latter being aggregated samples from five transects of 1 km length each (Dekker 
and Beukema, 2007; Supplementary Fig. S5.3). Host samples were stored in plastic bags for up to 
1 week at 4 °C (known to prevent cross-infections of Mytilicola; Dethlefsen, 1972). When longer 
storage was necessary, samples were frozen for no longer than 3 months at -20 °C. 
 
Parasite sampling 
Before dissections, we measured the maximum length of each host shell with vernier callipers to 
the nearest 0.1 mm. Subsequently, the shells were opened and the tissue was first searched for 
the presence of Mytilicola individuals under a magnification glass (magnification 3-8×). Following 
this, the molluscan stomach and intestine were squeezed between two glass slides (to improve 
visibility of small Mytilicola individuals) and searched again under a stereo microscope 
(magnification 10-30×). With these two methods we were able to retrieve larger juveniles (1.5-
2.3 mm) and adults (>2.3 mm, sexually mature from 2.8 mm (males) and 4.6 mm (females)), 
following Gee and Davey (1986a) and Dethlefsen (1985). If present, copepods were carefully 
removed from the tissue and stored in 95% denatured ethanol. 
 
Parasite identification 
Species identity of all individuals was morphologically ascertained under a stereo microscope 
(magnification 10-30x) by using the shape of the dorsal appendages as main differential character 
(pointy in the introduced M. orientalis and blunt in the established M. intestinalis; Gotto, 2004; 
Elsner et al., 2011). Since the reliability of morphological identification is currently under 
investigation (Chapter 4), subsamples from both parasite species were also molecularly identified 
with a diagnostic RFLP (restriction fragment length polymorphism) assay developed from taxon 
specific primers based on Elsner et al. (2011; see Supplementary Appendix S5.1 for details). 
During the main sampling in May, 921 adult Mytilicola were recovered from Pacific oysters and 
blue mussels. For oysters and mussels, a subsample of 269 Mytilicola individuals was used for 
molecular analysis, although for 12 individuals the analysis failed, leaving 257 parasites 
molecularly identified to species level. More individuals were examined from mussel hosts (n = 
166, excl. 6 that failed to amplify) than from oyster hosts (n = 91, excl. 6 that failed to amplify), 
because blue mussels harboured two morphospecies of Mytilicola and the Pacific oyster only one. 
The subsamples consisted of randomly picked samples from the Dutch Delta and the Wadden Sea.  
For the two other host species found to be infected by Mytilicola, we molecularly checked all 
Mytilicola per host individual (common cockles, n = 53, excl. 3 that failed to amplify) and Baltic 
tellins (Macoma balthica, n = 2). For all copepods that were molecularly checked for their species 
identity we also measured their body length. This was done by taking a picture with a camera 
(AxioCam ICc3) attached to a stereo microscope (Zeiss V8 discovery) and measuring body length 
with the software package AxioVision.  
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Statistical analysis 
All statistical analyses were performed using the statistical software package R (R Development 
Core Team, 2015). Model assumptions for all analyses were confirmed using diagnostic model 
plots (Zuur et al., 2010).  
 
Spillover of M. orientalis  
For all host species that were infected with the recently introduced M. orientalis, we calculated 
the overall prevalence of infection by dividing the total number of infected hosts by the total 
number of sampled hosts. 
 
Regional differences in M. orientalis infections 
For the 12 sympatric populations of mussels and oysters (main sampling campaign May 2012), 
we tested whether prevalences and intensities of M. orientalis were, relative to the Dutch Delta, 
on average higher in the Wadden Sea, where the parasite is more recently introduced and where 
native hosts are still relatively naive to Mytilicola exposure. We tested this by the use of linear 
mixed models (LMMs) with a binomial (lme4 package; Bates et al., 2015), and a negative binomial 
(glmmADMB package; Fournier et al., 2012; Skaug et al., 2014) distribution to model infection 
prevalence and intensity, respectively. In these models we used region (Wadden Sea or Dutch 
Delta), host species (blue mussels or Pacific oysters) and the interaction between these factors as 
fixed factors, and site nested within region as a random factor. For model selection we used 
backward elimination of non-significant fixed effects that explained little variation. 
Additionally, we investigated expected relationships between prevalence and mean 
intensity of the introduced M. orientalis in the invasive Pacific oyster and in the native blue mussel 
with linear regressions. 
 
Host competency and effect of host shell length on M. orientalis 
For all hosts that were infected with the introduced parasitic copepod M. orientalis, we used linear 
models to investigate the relationships between body length of the molecularly identified M. 
orientalis, the sex of the parasite, host species and shell length. A post-hoc Tukey test was applied 
to test whether parasite body length differs between host species. Additionally, the relationship 
between the intensity of all (molecular and morphological identification) introduced M. orientalis 
individuals and host shell length was investigated with a GLM with a negative binomial 
distribution (MASS package, Venables and Ripley, 2002). 
 
Spillback of M. intestinalis 
In blue mussels, we tested whether there was a difference in M. intestinalis prevalence and 
intensity between both regions with LMMs with binomial (lme4 package; Bates et al. 2015), and 
negative binomial distributions (glmmADMB package; Fournier et al., 2012; Skaug et al., 2014), 
respectively. In these models we used region (Wadden Sea or Dutch Delta) as fixed factor and 
location nested within region as random factor. Model selection was performed by using 
backward elimination of non-significant fixed effects that explained little variatiation. 
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Results 
Parasite sampling 
In total, we investigated 3416 individual hosts from 11 different host species for the presence of 
both Mytilicola species (for sample sizes, numbers of infected individuals and average shell length 
per species see Table 5.1). In these 3416 host individuals, we found a total of 1020 parasites of 
both Mytilicola species. 
 
Parasite identification 
For all the Mytilicola individuals that could be morphologically (sex and morphospecies) and 
molecularly identified (307 of the 327 individuals originating from the four principal host species 
that showed infections, i.e. Pacific oysters (C. gigas), blue mussels (M. edulis), common cockles (C. 
edule) and Baltic tellins (M. balthica), molecular results revealed that 90.0 % of females (n = 144 
out of 160 females) and 78.9 % of males (115/147) were correctly identified to species level with 
morphological methods. 
 
Spillover of M. orientalis 
The introduced parasite M. orientalis (molecularly identified) was found in Pacific oysters (overall 
prevalence 18.9 %), blue mussels (31.3 %), common cockles (3.3 %) and Baltic tellins (0.4 %); 
(for site specific infection levels see Table 5.1). No other mollusc species investigated (Crepidula 
fornicata, Mya arenaria, Ensis directus, Scrobicularia plana, Littorina littorea, Ostrea edulis, 
Ruditapes philippinarum) were infected with the invasive copepod. 
 
Differences in M. orientalis infections between host species and regions 
While Pacific oysters and blue mussels were infected with the introduced M. orientalis at almost 
all locations, the other two host species were only infected at a limited number of locations in the 
Wadden Sea: 4 out of 15 locations in common cockles and 2 out of 11 locations in Baltic tellins 
(Table 5.1). However, there were probably five infected common cockles in the frozen aggregated 
samples from the Dutch Delta (‘OS south’; prevalence 5%; mean intensity 1 ± 0), but 
morphological and molecular identification of the parasites was not possible due to frost damage. 
The range of prevalences of M. orientalis observed over all locations differed among the four host 
species (Pacific oysters 2-43 %, blue mussels 3-63 %, common cockles 0-13 %, and Baltic tellins  
0-7 %) as well as the mean intensities (Pacific oysters; 4.1 ± 0.6 SE, blue mussels; 2.8 ± 0.2, 
common cockles; 1.2 ± 0.1 and Baltic tellins; 1.0 ± 0). 
Within the 12 locations with sympatric populations of Pacific oysters and blue mussels, 
prevalence of M. orientalis in Pacific oysters (mean prevalence ± SE, 19.9 ± 0.03 %) and blue 
mussels (24.0 ± 0.05 %) did not significantly differ between the two host species (LMM; χ2 = 
1.925, p = 0.165), or between the two regions (χ2 = 0.045, p = 0.832; Fig. 5.2A; Table 5.2). There 
was also no significant interaction term between host species and region (χ2 = 0.022, P = 0.883; 
mean prevalence oysters: Dutch Delta 18.9 %, Wadden Sea 20.9 %; mussels Dutch Delta 22.8 %, 
Wadden Sea 25.2 %). Intensity of M. orientalis also did not differ between regions (LMM; χ2 = 
0.062, p = 0.803), but it differed between host species, being, averaged over the two regions, 
almost twice as high in Pacific oysters (mean ± SE, 4.1 ± 0.6) compared to blue mussels (2.4 ± 0.3; 
χ2 = 21.744, p < 0.001; Fig. 5.2B; Table 5.2). No significant interaction term between regions and 
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host species was detected (χ2 = 0.272, p = 0.602; mean intensity ± SE oysters Dutch Delta 4.0 ± 
0.6, Wadden Sea 4.2 ± 1.0; mussels Dutch Delta 2.0 ± 0.3, Wadden Sea 2.2 ± 0.4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.2 A) Prevalence of Mytilicola orientalis in blue mussels (M. edulis) against prevalence of M. orientalis 
in Pacific oysters (C. gigas) and B) mean intensity of M. orientalis in blue mussels against the mean intensity 
of M. orientalis in Pacific oysters. The black line (y = 0.5 x) indicates that the intensities in Pacific oysters 
are about twice as high as in blue mussels. Circles show values for the Dutch Delta, whereas triangles show 
the values for the Wadden Sea. 
 
Furthermore, when investigating the relationship between prevalence and intensity of M. 
orientalis in Pacific oysters and in blue mussels at the 12 sympatric populations (Table 5.3), we 
found no significant relationship for prevalence (linear regression; p = 0.868; Fig. 5.2A), but a 
positive relationship for intensity (R2 = 0.36; df = 10, p < 0.05, Fig. 5.2B). In addition, the 
relationship between prevalence and intensity was significant for mussels (linear regression; R2 
= 0.78; df = 10, P < 0.001, Supplementary Fig. S5.5A), but not for oysters (p = 0.527, 
Supplementary Fig. S5.5B). 
 
Host competency and effect of host shell length on M. orientalis 
In general, sexually mature M. orientalis females (> 4.6 mm) were found in all four host 
species, suggesting them to be generally competent hosts for M. orientalis. In the three host 
species here both parasite sexes were present (Pacific oysters, blue mussels, common cockles), 
females were always significantly larger than males (linear model F1,194 = 485.90, p < 0.001). In 
addition, there was a significant difference in parasite body size among the three host species 
(F2,194 = 25.34, p < 0.001), with the largest parasites in Pacific oysters, followed by blue mussels 
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and common cockles (Tukey-test; Pacific oysters – common cockles, p < 0.001; Pacific oysters – 
blue mussels, p < 0.05; blue mussels – common cockles, p < 0.001). Only in blue mussels there 
was a significant relationship between host shell length and body length of M. orientalis  
individuals (linear regression, R2 = 0.86, F1,78 = 22.67, p < 0.001), but not in the two other host 
species (Pacific oysters F1,84 = 3.18, p = 0.078; common cockles; F1,32 = 0.195, p = 0.662; Fig. 5.3). 
Furthermore, the relationship between M. orientalis intensity and host shell length 
differed among host species. While for blue mussels (GLM; R2 = 0.11, χ2 = 10.91, p < 0.001) and 
common cockles (R2 = 0.24, χ2 = 13.12, p < 0.001) there was a weak but significant positive 
relationship, it was absent in Pacific oysters (χ2 = 0.03, p = 0.857, Fig. 5.4). The relationships 
between host shell length and parasite length, and host shell length and parasite intensity were 
not tested for Baltic tellins because of the small sample size for this species (n = 2). 
 
Table 5.2 Results of linear mixed models explaining variation in M. orientalis prevalence and intensity in 
bivalves. Model selection was performed by backwards elimination of non-significant variables and values 
shown are from the point at which each variable was removed from the model. 
 
Table 5.3 Prevalences and mean intensities of the parasite Mytilicola orientalis in 12 sympatric populations 
of blue mussels (Mytilus edulis) and Pacific oysters (Crassostrea gigas) from the main sampling campaign 
in May 2012. 
Region Sampling site Prev.  
oysters 
Prev.  
mussels 
Mean int. 
oysters 
Mean int. 
mussels 
W
a
d
d
e
n
 S
e
a
 1. Sylt North 0.02 0.03 1.0 1.0 
2. Sylt South  0.10 0.38 7.7 3.3 
3.De Cocksdorp 0.17 0.07 2.4 1.5 
4. Mokbaai A 0.30 0.17 4.8 1.8 
5. Balgzand C 0.43 0.23 3.2 2.1 
6. Balgzand A 0.23 0.63 6.1 3.5 
D
u
tc
h
 D
e
lt
a
 7. Grevelingen 1 0.23 0.10 2.3 1.0 
8. Grevelingen 2 0.13 0.32 4.5 3.0 
9. Schelphoek 0.13 0.38 4.8 3.3 
10. Zeelandbrug 0.17 0.17 3.2 1.8 
11. OS. Kering 0.37 0.20 6.1 1.17 
12. Kattendijke 0.10 0.33 3.0 2.3 
 
Prevalence  Variables Coefficient Std. error χ2 P 
Fixed effects Intercept - 1.457 0.190   
 Host species 0.231 0.264 1.925 0.165 
 Region -0.119 0.470 0.045 0.832 
 Host species * Region 0.055 0.371 0.022 0.883 
Random effects Variables Variance Std. dev.   
 Intercept 0.000 0.000   
 Location (nested in Region) 0.864 0.929   
Intensity  Variables Coefficient Std. error χ 2 P 
Fixed effects Intercept 1.439 0.132   
 Host species -0.685 0.183 21.74 < 0.001 
 Location -0.004 0.216 0.062 0.803 
 Host species * Region 0.134 0.258 0.272 0.602 
Random effects Variables Variance St. dev.   
 Intercept 0.012 0.109   
 Location (nested in Region) 0.067 0.258   
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Fig. 5.3 Relationship between host shell length and body length of molecularly identified M. orientalis 
females and males for A) blue mussels (M. edulis; females y = 4907.17 + 26.22 x, males y = 2168.34 + 26.22 
x), B) Pacific oysters (C. gigas) and C) common cockles (C. edule). 
 
 
Chapter 5 
 
111 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.4 Relationship between host shell length and M. orientalis intensity for A) blue mussels (M. edulis; n 
= 177), B) Pacific oysters (C. gigas; n = 191), and C) common cockles (C. edule; n = 149). This analysis 
includes all morphologically and molecularly identified M. orientalis individuals. 
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Discussion 
Our extensive quantitative assessment of infections of more than 3400 potential hosts showed 
that the parasitic copepod M. orientalis, which was co-introduced with the Pacific oyster (C. gigas), 
now also infects native blue mussels (M. edulis), common cockles (C. edule) and Baltic tellins (M. 
balthica) in European waters. Thereby this study adds to a growing amount of literature on 
parasite spillover from invasive to native species across terrestrial, freshwater and marine 
ecosystems worldwide (e.g. Warner, 1968; Holdich and Reeve, 1991; Bauer et al., 2002; Tompkins  
et al., 2002). M. orientalis has previously been reported to infect native blue mussels and 
European flat oysters (O. edulis; His, 1979; Stock, 1993). Unfortunately, our sample size of the 
European flat oyster was too low to confirm earlier observations of the parasite in this host 
species. 
Our data indicate that blue mussels were infected with the introduced M. orientalis at a 
larger number of locations with much higher infection levels (prevalences and intensities) 
compared to the other two native host species, common cockles and Baltic tellins. Nevertheless, 
prevalences found in cockles and tellins should be high enough to sustain a parasite population, 
because in the native range in Japan, M. orientalis has similar prevalences in its native hosts and 
the local parasite populations are viable (M. Feis, unpublished data). Various reasons can explain 
the relatively low infection levels of introduced M. orientalis in native common cockles and Baltic 
tellins compared to native blue mussels. First of all, common cockles and Baltic tellins are not 
always positioned in close vicinity of Pacific oysters compared to blue mussels which occupy the 
same habitat as oysters. Hence, the difference in distance between the source of infection (the 
Pacific oyster is the principal host of M. orientalis) could explain difference in infection levels 
between the three native species. However, larval stages of M. orientalis have a free-living phase 
and spend multiple days in the water column (based on M. intestinalis, Gee and Davey, 1986a; 
Chapter 7), giving them the opportunity to disperse with currents. Consequently, the exposure to 
free-living infective larvae might actually be similar for the three native host species and 
therefore the distance from infection source may not be the most plausible explanation for 
differences in infection levels between the three host species. Second, it could be that oysters and 
mussels attract larvae of M. orientalis from the plankton (e.g. by chemical cues), leading to an 
accumulation of infections in the main hosts. Thirdly, the endobenthic position and lower 
filtration rates of cockles and tellins (compared to the epibenthic oysters and mussels; reviewed 
by Troost, 2010) may result in lower encounter rates with infective larval stages of M.orientalis .  
This could also be the reason why introduced M. orientalis were not found in other potential host 
species which burrow deep in the sediment such as M. arenaria, S. plana and E. directus, although 
for these species sample size may have been too low for strong inference. Fourth, variation in 
infection levels of M. orientalis between the three native host species may be related to host size, 
with the small size of both species causing space constraint. Indeed, host shell length was a 
stronger driver of infection levels in common cockles compared to blue mussels. Finally, the 
difference in infection levels of M. orientalis in mussels, cockles and tellins could encompass the 
relatedness of these three host species to the Pacific oyster. Blue mussels (order: Mytilida) and 
Pacific oysters (order: Ostreida) both belong to the superorder Pteriomorphia, while common 
cockles and Baltic tellins both belong to the order Venerida and superorder Heteroconchia 
(Bouchet et al., 2010). Hence, blue mussels are more closely related to Pacific oysters than the 
other two host species, possibly explaining differences in host competency and infection levels. 
However, adult females carrying eggs were observed in all four hosts, suggesting a similar 
suitability of   all  host  species  for   reproduction  and  growth but this  remains to be investigated  
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experimentally. 
For the two principal hosts, blue mussels and Pacific oysters, the parasite M. orientalis  
displayed similar geographical distributions with comparable prevalences, but intensities were 
about twice as high in oysters as in mussels. This is not surprising given the generally smaller 
body size of blue mussels and their intestines compared to Pacific oysters, resulting in limited 
space for infections by the intestinal parasites in mussel hosts (mean body size—without egg 
sacks—of M. orientalis is approximately 4 mm in males and 10 mm in females; Grizel, 1985). Such 
a space constraint may also underlie the observation that parasite body size was positively 
correlated with mussel shell length, while this was not the case for parasites in oysters. However, 
some care needs to be taken with interpreting these results, as parasites were conserved with 
different conservation methods which may affect body length measurements (e.g. Thorstad et al., 
2007; Chapter 4). In general, mussel size only weakly explained Mytilicola intensity in our data 
set so that other factors besides size may actually be stronger determinants of infection levels. 
One of these factors could be host competency which may differ between oysters and mussels. 
Nonetheless, egg-carrying females were observed both in mussels and oysters and first attempts 
to hatch eggs and raise copepodite larvae to infective stages originating from egg sacks of M. 
orientalis individuals in blue mussels have been successful, suggesting that blue mussels are a 
competent host for the parasite (Chapter 7). Another potential factor driving infection levels of 
the invasive copepod may be competition with the previously established M. intestinalis. Yet, the 
relatively few cases of double infections observed were not more or less frequent than expected 
on a random basis. Therefore, based on this dataset, interspecific competitive exclusion between 
both parasite species within blue mussels seems to be unlikely. Nevertheless, experimental  
studies are needed to investigate the detailed modes of interaction between both parasite species. 
Our data from 12 sympatric populations of blue mussels and Pacific oysters show that 
prevalences of the introduced copepod M. orientalis did not differ between the two regions within 
each host species. This suggests that the introduced copepod M. orientalis is already well 
established in the Wadden Sea, although the invasion of Pacific oysters of the Wadden Sea began 
10-20 years later than that of the Dutch Delta. However, we observed relatively low infection 
levels of M. orientalis in northern populations of Pacific oysters in the Wadden Sea around the 
island of Sylt (see also Elsner et al., 2011). Whether this results from a later invasion of this region 
or differential susceptibility of the genetically distinct northern Pacific oyster populations 
(Moehler et al., 2011) remains to be investigated. In any case, the 12 sympatric populations 
showed a strong relationship between infection levels (intensity) in Pacific oysters and blue 
mussels, suggesting that M. orientalis infections in oysters may drive infection levels in mussels. 
However, mussels could also be an additional source of infection as copepodite stages raised from 
egg sacks of introduced M. orientalis in native blue mussels can experimentally infect conspecifics 
(Chapter 7). The positive relationship between infection intensity of both main host species may 
also suggest that similar biotic and/or abiotic mechanisms drive infection patterns of both 
species. However, the current dataset is too limited to investigate this further. Field studies 
investigating infections in both host species, including additional variables as host densities and 
environmental conditions, as well as controlled experiments will be needed to investigate the 
drivers of spillover dynamics of the introduced parasite M. orientalis. 
The risk of parasite spillover may have severe consequences for the new native host 
species. Although early studies on the impacts of Mytilicola species on, for example, host filtration 
rates, oxygen consumption and condition index led to controversial results (reviewed by 
Lauckner, 1983), later studies indicated negative effects on host condition (Theisen, 1987; 
Kijewski et al., 2011; Camacho et al., 1997; Feis et al., 2016; Chapter 7). Furthermore, both 
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Mytilicola species are known to cause changes in cells of the gut epithelium of both blue mussels 
(M. intestinalis; Sparks 1962; Moore et al. 1978) and Pacific oysters (M. orientalis; reviewed by 
Lauckner, 1983) that can lead to inflammations of the mucosa and sub-mucosa in the intestines 
(Watermann et al., 2008a). If negative effects of the introduced copepod M. orientalis on native 
blue mussels exist, this may exaggerate the competition between the mussels and the invasive 
Pacific oysters and may play a role in the complex spatial and temporal population dynamics  
commonly observed on natural mussel beds (Folmer et al., 2014). Effects of Mytilicola species on 
common cockles and Baltic tellins have not been studied but seem likely given the fact that the 
copepods occupy the entire intestine of these relatively small species (observation by A-K. 
Schuster). However, experimental studies based on controlled infections of hosts are needed to 
be able to make further inferences about the direct impact of spillover of the introduced M. 
orientalis on native hosts. 
While the introduced M. orientalis showed spillover to a broad native host range, the 
previously established M. intestinalis was exclusively found in blue mussels. This is in contrast to 
the literature, where a wide range of mollusc host species has been reported for this copepod 
species in Europe: M. edulis, M. galloprovincialis, Ruditapes decussatus, Modiolus barbatus, O. 
edulis, C. gigas, C. edule, Dosinia exoleta, C. fornicata and Venerupis corrugata (Steuer, 1902; 
Hepper, 1953; Lauckner, 1983; Aguirre-Macedo and Kennedy, 1999; Gotto, 2004; Dabouineau 
and Ponsero, 2009). However, due to the difficulties of morphological identification of the two 
species and potential unawareness of investigators of the additional introduction of M. orientalis ,  
some of the host species noted in the literature may actually be false positives (Elsner et al., 2011). 
In our study area, previous studies have only reported the blue mussel, the European flat oyster 
O. edulis and the American slipper limpet C. fornicata as hosts for the previously established M. 
intestinalis (Stock, 1965, 1993). The parasite was not found in the latter two host species during 
our sampling campaign, yet this could also be due to the small sample sizes of these hosts. 
Nowadays, infections seem to be exclusively restricted to blue mussels, also indicated by two 
recent studies in the Wadden Sea that found the previously established M. intestinalis only in 
mussels and not in Pacific oysters (Elsner et al., 2011; Pogoda et al., 2012). Since infections of the 
invasive Pacific oyster with the previously established M. intestinalis are the basic requirement 
for parasite spillback, our and other data from the literature suggest that the potential for 
spillback of this parasite species to the native fauna via Pacific oysters is extremely limited. 
As a potential incompetent host for M. intestinalis, the Pacific oyster could still attract free-
living infective stages and thereby act as a sink for the parasite. Results of experimental infections 
have shown that it is possible to experimentally infect a Pacific oyster with M. intestinalis 
copepodites, although the infection success was extremely low. In this experimental trial, 25 
copepodites were added to each container with one oyster (n = 20 replicates) and after 133 days 
only one oyster was infected with one M. intestinalis parasite, with no remaining copepodites 
found in the water (M. Feis, unpublished data). This result suggests that the oyster could act as a 
potential diluter of M. intestinalis parasites, thereby reducing disease risk for native blue mussels. 
Therefore, it would be interesting to examine whether M. intestinalis infections in blue mussels 
have declined after the arrival of the Pacific oyster. Of all the locations investigated, qualitative  
historical data is only available for the northern German Wadden Sea (Sylt), where M. intestinalis  
prevalence was <5 % with a mean intensity of two parasites per infected mussel (Dethlefsen, 
1972), which is considerably lower than the 69 % prevalence and mean of 3.7 parasites per 
infected mussel found in our study (after the arrival of the Pacific oyster). This suggests that the 
Pacific oyster may not play a large role in M. intestinalis dilution under natural conditions in the 
field, but controlled field experiments would help to further clarify this. 
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Similar to the introduced M. orientalis, we observed no difference in prevalence of previously  
established M. intestinalis between the two study regions, the Dutch Delta and the Wadden Sea. 
Hence, M. intestinalis seems to be well established in both regions. However, M. intestinalis  
intensity was slightly higher in the Wadden Sea. This resulted from the particularly high 
prevalences in blue mussels around the island of Sylt found in this study (69-72 %), that were 
also previously reported from the northern Wadden Sea (Thieltges et al., 2006; Elsner et al., 
2011), while sites from the inner German Bight show intermediate infection levels (prevalence 
about 25 %; Pogoda et al., 2012). For the Texel region, previous data are, unfortunately, missing 
(Drinkwaard 1999) but our data tentatively suggest a north-south infection gradient of M. 
intestinalis in the Wadden Sea. 
In this study, species identification of both Mytilicola species was based on morphological 
and (partial) molecular identification, the latter revealing an accuracy in morphological 
identification of 90.0 % for females and 78.9 % for males. Although morphological identification 
does not seem to be 100 % reliable, these inaccuracies do not affect our general conclusions due 
to the following: (1) all M. orientalis individuals from newly discovered hosts (Baltic tellins and 
common cockles) were molecularly identified, so that we could ascertain spillover from Pacific 
oysters; and (2) from the 91 Mytilicola individuals from Pacific oysters that were molecularly 
identified, none appeared to be the previously established M. intestinalis, which confirms low or 
no risk of parasite spillback mediated by the Pacific oyster. The exact prevalences and intensities 
of both Mytilicola species in blue mussels and Pacific oysters would probably slightly differ if all 
Mytilicola individuals had been identified with molecular methods. However, as these minor 
differences appeared to be unbiased, they are unlikely to affect the validity of the results obtained 
here. 
In conclusion, our study revealed widespread spillover of M. orientalis, which was co-
introduced with Pacific oysters, to native common cockles and Baltic tellins in addition to blue 
mussels, from which spillover was already reported (Elsner et al., 2011; Pogoda et al., 2012). 
Second, our study showed that M. orientalis infections in Pacific oysters and blue mussels do not 
differ between the two study regions (the Dutch Delta and the Wadden Sea) despite their different 
invasion histories. However, within the Wadden Sea region there was a gradient with higher 
infection levels in the south (Texel) than in the north (Sylt), probably reflecting the ongoing 
invasion process from south to north. Finally, we showed that the risk for spillback of the 
previously established M. intestinalis via infections of Pacific oysters is very low as this copepod 
was absent from oysters. In contrast, the Pacific oyster may rather act as sink for the parasite, 
thereby reducing disease risk for native blue mussels. However, our data from sites with high 
prevalence of M. intestinalis infections suggest that dilution by invasive Pacific oysters might be a 
comparatively small effect for overall parasite population growth. The high occurrence of parasite  
spillover suggests that Pacific oysters may have strong indirect impacts on native ecosystems and 
future studies will be needed to investigate the effects of the introduced M. orientalis infections 
on native hosts. In addition, the exact biotic and abiotic drivers behind the spillover of M. 
orientalis from Pacific oysters to native hosts are thus far unknown and this remains a topic for 
future studies. To investigate these mechanisms on larger temporal and spatial scales, more 
extensive datasets are required that need to be analysed in an individual-based modelling 
framework (e.g. Wells, 2015). Studying dynamics, drivers and effects of spillover of co-introduced 
parasites like M. orientalis will improve our understanding of the overall direct and indirect 
effects of invasive species, such as the Pacific oyster, in ecosystems worldwide. 
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Supplementary Material 
Table S5.1 Coordinates of the 12 sampling locations with sympatric populations of mussels and oysters 
(main sampling campaign May 2012) in the Wadden Sea and Dutch Delta (see Fig. 5.1 for map). 
 
 
 
Table S5.2. Prevalences and mean intensities of the parasite Mytilicola intestinalis in 12 sympatric 
populations of blue mussels (Mytilus edulis) from the main sampling campaign in May 2012. 
  
Region Sampling location Latitude (“N) Longitude (“E) 
W
a
d
d
e
n
 S
e
a
 1. Sylt - North 55.1'63.70 8.27'38.78 
2. Sylt - South  54.47'24.53 8.19'49.60 
3. Texel - De Cocksdorp  53.08'58.40 4.54'27.36 
4. Texel - Mokbaai A 53.00'21.65 4.45'00.85 
5. Texel - Balgzand C 52.56'04.60 4.48'88.10 
6. Texel - Balgzand A 52.55'80.40 4.54'12.10 
D
u
tc
h
 D
e
lt
a
 7. Grevelingen 1 51.40'46.57 4.8'11.25 
8. Grevelingen 2 51.40'17.46 4.6'16.15 
9. Schelphoek 51.41'23.08 3.47'20.65 
10. Zeelandbrug 51.37'43.41 3.55'05.82 
11. OS. Kering 51.37'29.82 3.42'13.56 
12. Kattendijke 51.31'38.86 3.58'28.04 
Region Sampling location Prevalence  Intensity 
W
a
d
d
e
n
 S
e
a
 1. Sylt - North 0.69 3.7 
2. Sylt - South  0.72 4.1 
3. Texel - De Cocksdorp 0.00 - 
4. Texel - Mokbaai A 0.03 1.0 
5. Texel - Balgzand C 0.03 2.0 
6. Texel - Balgzand A 0.10 2.0 
D
u
tc
h
 D
e
lt
a
 7. Grevelingen 1 0.21 2.2 
8. Grevelingen 2 0.46 2.8 
9. Schelphoek 0.55 3.3 
10. Zeelandbrug 0.21 2.2 
11. OS. Kering 0.30 0.3 
12. Kattendijke 0.26 1.7 
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Fig S5.1 The four areas in the Dutch Delta (Oosterschelde estuary central, north, outlet and south) in 
which the additional IMARES grid sampling took place. Map adapted from Google Maps and edited with 
QGIS 2012.  
 
 
   
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
Fig. S5.2 The two sampling locations of in the intertidal bay (Mokbaai) in the southeast of the island of 
Texel. The black area marks the contours of two oyster beds (documented in 2007 by Norbert Dankers, 
IMARES). In May, common cockles (Cerastoderma edule) were collected at the sandy fringe of the bay 
(‘Mokbaai A’) and in August closer to the oyster beds (‘Mokbaai B’). Map adapted from Google Maps and 
edited with QGIS 2012. 
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Fig. S5.3 Sampling on Balgzand, an extensive tidal flat system in the southeast of Texel. Additional samples 
of common cockles (Cerastoderma edule) in summer 2012 (called ‘Balgzand B’ in Table 5.1) were taken 
randomly along 5 transects (numbers 1 to 5; 1 km length). The two sampling locations of the main sampling 
campaign in May 2012 (‘Balgzand A’ and ‘Balgzand C’) are also added to the map. Intertidal areas are shown 
in grey, subtidal areas in white. Map adapted from Dekker and Beukema 2007.  
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Fig. S5.4 A) Mean intensity of introduced Mytilicola orientalis in blue mussels (Mytilus edulis) against 
prevalence of M. orientalis in blue mussels. The solid line is the regression line for the Dutch Delta and the 
dashed line is the regression line for the Wadden Sea. B) Mean intensity of M. orientalis in Pacific oysters 
(Crassostrea gigas) against the prevalence of M. orientalis in Pacific oysters. Circles show values for the 
Dutch Delta, whereas triangles show the values for the Wadden Sea. 
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Appendix S5.1 
Diagnostic assay using restriction fragment length polymorphism (RFLP) for the 
previously established Mytilicola intestinalis and recently introduced M. orientalis. 
 
Materials and Methods 
On the basis of previously published Mytilicola intestinalis and M. orientalis cytochrome-c-oxidase 
I sequences (Elsner et al. 2011; Genbank accession numbers HM775191-HM775197) taxon 
specific primers were designed. The new primers (MOICOIf 5'-CTTAATTACAGGGGTMTGATCGG-
3' and MOICOIr 5'-TCGATCTGTTAAAAGCATAGTAATYG-3') amplify a 534 bp fragment yielding a 
PCR product of 583 bp (base pairs) long. 
A diagnostic RFLP (restriction fragment length polymorphism) assay was designed that would 
distinguish between M. intestinalis and M. orientalis. The restriction enzyme NciI recognizes and 
cuts the sequence CC/SGG (where S = C or G and / indicates the cut site). The PCR fragment of M. 
intestinalis is cut once by NciI, and that of M. orientalis is cut twice (Fig. 1). 
 
 
Fig. 1 Position of cut sites for the restriction enzyme NciI in Mytilicola intestinalis and M. orientalis. Cut site 
locations are in italics. 
 
In M. intestinalis this should result in two restriction fragments of 366 and 217 bp long. In M. 
orientalis the resulting pattern should consist of three fragments 286, 222 and 75 bp long. This 
difference between the species was visualized on 2% agarose gels which were run for 120 min. 
at 60 V, followed by staining with ethidium bromide.  
 
Results 
Most individuals displayed one of the two expected banding patterns (Fig. 2; note that the 75 bp 
fragment in M. orientalis individuals is too faint to see in most cases). Sometimes, banding 
patterns deviated from expectations, in three different ways. First, the PCR fragment had 
remained uncut after the restriction reaction (1x). Second, three individuals displayed an 
ambiguous pattern consisting of bands from both species (e.g., lane 15 in Fig. 2). Third and finally, 
incompletely digested patterns occurred in six individuals (e.g., lanes 1-8 and lane 16 in Fig. 2). 
In the latter cases it was always possible to identify the species in spite of the partial digestion. 
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Fig. 2 Diagnostic restriction fragment assay for Mytilicola intestinalis and M. orientalis. Lanes 1-8: M. 
intestinalis (diagnostic bands 366 and 217 bp, indicated by black arrows in lane 1); lanes 9-14, 16 and 17: 
M. orientalis (diagnostic bands 286, 222 and 75 bp; indicated by black arrows in lane 10; the 75 bp band is 
usually faint); lane 15: ambiguous pattern showing bands from both species; traces of incompletely 
digested DNA are often present; unlabeled lanes are intact PCR products before restriction; sizing ladders 
consist of bands from 100 to 1000 bp spaced by 100 bp intervals. 
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Abstract 
Invasive ecosystem engineers that create or modify physical habitat structure can impose strong 
direct and indirect impacts on native biota, e.g. by providing predation refuge or affecting prey or 
predator traits resulting in alterations in predation strength. In this study, we show that the 
habitat structure provided by invasive ecosystem engineers can also indirectly affect parasite-
host interactions. Reef-building invasive Pacific oysters (Crassostrea gigas) are known to initiate 
trait-mediated indirect interactions (TMIIs) by initiating refuge seeking behaviour of native blue 
mussels (Mytilus edulis) at the bottom of the three-dimensional oyster matrix, thereby indirectly 
reducing crab predation on mussels. Using a replicated field experiment, in which uninfected 
mussels were positioned at the bottom and top of two oyster beds in the south and north of the 
Wadden Sea, we investigated whether the oyster matrix also induced TMIIs in regard to parasite 
infection levels in native mussels. After three months, mussels positioned on top of an oyster bed 
showed significantly higher occurrence of parasitic intestinal copepods than the ones positioned 
at the bottom. However, this was only clearly observed at one of the two beds and there was no 
difference in infection intensity depending on matrix position at both beds. For trematodes, the 
opposite pattern was observed, with higher occurrence in mussels positioned at the bottom of 
the matrix (again only clearly observed on one bed) and significantly higher infection levels at the 
bottom compared to the top of the matrix on both beds. This contrasting pattern most likely 
resulted from differences in recruitment pathways between the two parasite groups. Free-living 
copepod larvae recruit externally from the oyster bed, increasing the likelihood of infections for 
mussels positioned at the top of the oyster matrix. In contrast, trematodes recruit from inside the 
beds via short-lived infective stages released from their local first intermediate snail hosts, 
leading to a concentration of infective stages inside the matrix. The results of this study suggest a 
novel mechanism of how invasive species can affect parasite-host interactions in recipient 
ecosystems. As invasive habitat modifying organisms and parasites are omnipresent in many 
ecosystems, TMIIs that lead to alterations of parasite-host interactions may be a common impact 
of biological invasions.  
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Introduction 
Invasive species are considered as one of the greatest threats to ecosystem biodiversity and 
ecological communities worldwide (Elton, 1958; Vitousek et al., 1996; Mack et al., 2000). In 
particular, invasive ecosystem engineers that create or modify physical habitat structure impose 
strong direct impacts on native biota, including effects on habitat and food availability, native 
species density and diversity, and changes in abiotic conditions (Jones et al., 1994, 1997b; Crooks, 
2002). In addition to these direct effects, invasive ecosystem engineers may also affect other 
organisms in such way that it has consequences for a third species. These indirect interactions 
can be density-mediated (DMII’s), in which the habitat modifier indirectly influences a third 
species by altering the density of an intermediate species (sensu Abrams et al., 1995). 
Simultaneously, habitat modifiers may affect a third species by altering the traits (e.g., 
behavioural, physiological, morphological, chemical) of an intermediate species (trait-mediated 
indirect interactions (TMII’s); sensu Abrams et al., 1995). For instance, the availability of shelter 
within complex habitats created by invasive ecosystem engineers can induce prey refuge 
behaviour that alters predator-prey encounter rates and thereby the risk of predation (Byers et 
al., 2010; Pearson, 2010; Eschweiler and Christensen, 2011; Waser et al., 2015). Currently, 
evidence of DMII’s and TMII’s imposed by invasive habitat modifiers in the context of predator -
prey interactions is growing and adding to the encompassing impacts of invasive species. In 
contrast, whether invasive ecosystem engineers can also affect other species interactions such as 
parasite-host relationships via indirect effects induced by their habitat modification is currently 
not well known.  
Autogenic ecosystem engineers such as invasive oysters provide a suitable model system 
to study indirect effects of habitat modification on species interactions. These marine molluscs, 
in particular the Pacific oyster (Crassostrea gigas), have been introduced world-wide for 
aquaculture purposes (Ruesink et al., 2005). Once established in the wild after introduction, 
oysters create hard-substrate biogenic beds and thereby modify the environment with 
consequences for other organisms and species interactions (Ruesink et al., 2005). In general, 
oysters (native and invasive) are known to provide predation refuge for prey hiding in the 
biogenic matrix created by the oysters, which can have effects on predation strength (Grabowski, 
2004; Hughes and Grabowski, 2006; Troost, 2010). In Europe, invasive Pacific oysters co -exist 
with native mussels on oyster beds (Troost, 2010; Fig. 6.1). Here, Pacific oysters are known to 
exert trait-mediated indirect interactions (TMIIs) by initiating refuge seeking behaviour of native 
blue mussels (Mytilus edulis). In response to predation risk, mussels actively migrate to the 
bottom of the three-dimensional oyster matrix which significantly reduces crab predation on 
mussels (Eschweiler and Christensen, 2011; Waser et al., 2015). However, this predation refuge 
is traded for reduced foraging success as mussel condition is decreased at the bottom of the 
matrix (Eschweiler and Christensen, 2011). The presence of invasive Pacific oysters is also known 
to affect parasite-host transmission in this invaded region by a mechanism referred to as 
transmission interference (Johnson and Thieltges, 2010; Welsh et al., 2014; Goedknegt et al., 
2016). As they are unsuitable hosts, Pacific oysters significantly reduce the number of free-living 
trematode cercarial stages in the water column by filter feeding or trapping cercariae on the 
complex rough shells (Thieltges et al., 2009a; Welsh et al., 2014; Goedknegt et al., 2015). This 
transmission interference has been shown to reduce infection levels in native mussels (Mytilus 
edulis) placed on artificial oyster beds compared to mussels situated on bare sediment (Thieltges 
et al., 2009a). Hence, the presence of invasive oysters can in principle affect parasite-host 
interactions, but it is not known whether the TMIIs observed for predator-prey interactions 
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within the biogenic oyster matrix also affect parasite-host relationships. This also applies to 
native parasite-host interactions in which oysters serve as an alternative host for native parasites 
and which may also be affected via trait-mediated indirect effects induced by the oyster matrix. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.1 A) A bivalve bed in the Wadden Sea and B) blue mussels (Mytilus edulis) hiding in the oyster matrix 
(Crassostrea gigas) (source: Christian Buschbaum). 
 
In this study, we used a replicated field experiment conducted on two Pacific oyster (C. 
gigas) beds in the south and north of the European Wadden Sea to investigate whether the habitat 
structure provided by invasive oysters can indirectly affect parasite-host interactions in native 
blue mussels (M. edulis). In this intertidal area, two separate invasions of Pacific oysters in the 
north (island of Sylt, 1986; Reise, 1998) and south (island of Texel, 1983; Drinkwaard, 1999) led 
to the transformation of native blue mussel beds in oyster beds were both species now co -occur 
(Troost, 2010; Moehler et al., 2011). In the south of the Wadden Sea, both molluscs are infected 
with the invasive parasitic copepod Mytilicola orientalis (Copepoda: Mytilicolidae) that was co-
introduced with the Pacific oyster and recently spilled over to blue mussels (Pogoda et al., 2012; 
Goedknegt et al., 2017). In addition, a previously introduced con-generic species, M. intestinalis,  
only infects native blue mussels, and although established in the entire Wadden Sea, is almost 
absent in the south (Goedknegt et al., 2017). Both Mytilicola species have a direct life cycle with a 
relatively long (based on studies of M. intestinalis 2-3 weeks; Hockley, 1951; Gee and Davey, 
1986a) free-living planktonic dispersal stage after which it resides in the intestines of their hosts. 
Furthermore, blue mussels are infected with a range of native trematodes of which Renicola 
roscovita (Digenea: Renicolidae), is the most common species (Thieltges et al., 2006; Chapter 3). 
This trematode species has a complex life cycle and uses the periwinkle Littorina littorea living 
on the oyster beds as first intermediate host that is followed by a short free-living stage (<1 day; 
Thieltges and Rick, 2006) after which it infects blue mussels (second intermediate host) and birds 
(definitive host), respectively (Werding, 1969). We focussed on these parasitic copepod and 
trematode species and asked the following specific research questions: 1) Does the position in 
the oyster matrix effect parasite infection levels in blue mussels? 2) Does the effect of position in 
the oyster matrix on infection levels differ between parasites recruiting from outside (copepods) 
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and inside (trematodes) oyster beds? And 3) do the position in the matrix and parasite infection 
intensities affect mussel fitness (condition)?  
Material and Methods 
Source of uninfected mussels 
In the experiment we used naturally uninfected blue mussels (Mytilus edulis) to investigate the 
effect of the position in the oyster matrix on parasite infection levels. For the southern 
experimental location (Texel, The Netherlands), mussels (mean ± SE; 36.2 ± 0.4 mm) were 
collected from groynes located on the north-west shore of the Dutch mainland (52°52'42.37" N, 
4°42'25.60" E; Fig. 6.2) on 7 July 2014. For the northern location (Sylt, Germany), mussels (38.0 
± 0.5 mm) originated from groynes situated on the west coast of Sylt (54°56'45.76" N, 8°19'9.04" 
E; Fig. 6.2) and were collected on 6 August 2014. Previous explorations had shown that the 
parasites Renicola roscovita and Mytilicola spp. do not occur at these source locations (verified by 
dissecting 30 mussels — no infections found). Until the start of the experiment, collected mussels 
were maintained in 75 L flow-through tanks at 18°C under a 24-hour light cycle (12 h light and 
12 h dark) and fed three times per week with fresh Isochrysis galbana culture, or alternatively 
with Phyto-Feast® when fresh culture was unavailable. In addition, any epifauna (mostly 
barnacles) on the uninfected mussels was carefully removed from the shells to ensure that free-
living stages of Renicola roscovita and Mytilicola spp. could infect mussels without being predated 
or physically obstructed by epifauna during the experiment (Johnson and Thieltges, 2010).  
 
Background infections and snail density 
The experiment was conducted on Pacific oyster (Crassostrea gigas) beds located near two islands 
at both ends of the Wadden Sea: Texel (south) and Sylt (north; Fig. 6.2). Background infection 
levels of these beds were known from previous inspections (n = 80 on Sylt; Chapter 3) or checked 
by the dissection of 30 mussels in advance of the experiment (Texel) and gave assurance for 
successful infections in the field. Additionally, at both locations the density of the periwinkle 
Littorina littorea, the first intermediated host of trematode R. roscovita, was measured on top and 
at the bottom of the oyster matrix. We determined snail density at both locations (Texel n = 10, 
Sylt n = 6), by haphazardly placing a 25 x 25 cm frame on the oyster bed. Within this frame, the 
top of the matrix (max. upper 10 cm) was first visually inspected for snails which were counted 
and removed. Subsequently, all oysters and mussels were detached from the area within the 
frame and the number of snails was counted that were found between the bivalves at the bottom 
of the matrix (approximately 10-20 cm depth from oyster bed top). 
 
Experimental set-up 
At both oyster beds (Fig. 6.2), we placed uninfected mussels (see section Source of infected 
mussels) at the bottom and on top of the oyster matrix. The mussels were measured to the nearest  
0.01 mm with digital callipers and individually added to a mesh bag made of PE (12 x 16 cm; 
approximately 1 cm mesh size). Two mesh bags were then attached to a hook-shaped iron rod, 
and one bag was positioned at the higher end of the rod on top of the oyster matrix and the other 
one was positioned at the lower end of the rod on the bottom of the oyster matrix, with 
approximately 20 cm between both mesh bags. At each location, 40 replicates of these rods were 
positioned in a rectangular field of 12 m x 36 m (10 rows of 4 rods, 4 m distance among rods) 
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with similar oyster cover (Fig. 6.2). At termination of the experiment, mesh bags with mussels 
were frozen (-20 °C) for later analysis. The experiment commenced at the beginning of August 
2014 and ended four months later in December. Due to bad weather conditions, part of the rods 
(n = 14) from Sylt could only be recovered in January 2015. To keep the infection time during the 
experiment at both locations as similar as possible, these 14 rods were excluded from the 
analysis.  
 
Fig. 6.2 Experimental set-up of the experiment on two oyster beds (squares), one in the south (Texel) and 
one in the north (Sylt) of the Wadden Sea (shaded light grey area). On each location, mussels originating 
from uninfected source locations (black dots) were individually added to two mesh bags attached to an iron 
rod that were positioned on the bottom and on the top of the oyster matrix. In total, 40 of these rods 
(pentagons) were placed within an area of 36 x 12 m (4 m distance among rods) on each oyster bed.  
 
Parasite examination 
Prior to dissection, we defrosted the mussels in random batches of 10 individuals. After 
measuring the mussel shell length with digital callipers to the nearest 0.01 mm, the mussel tissue 
was separated from the shell and searched for adult Mytilicola spp. that were retrieved from the 
tissue and collected in ethanol (96%). Adult Mytilicola individuals were later identified by using 
morphological characteristics described in Steuer (1902), Mori (1935), Grizel (1985) and Elsner 
et al. (2011). After this initial screening, the mussel tissue was compressed between glass slides 
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and examined under a stereo microscope (magnification 10 - 50 x) to account for all R. roscovita 
metacercariae, and larval/juvenile Mytilicola spp., of which the latter could not be identified on 
species level. As the share of unidentifiable larvae and juvenile Mytilicola in blue mussels was 
relatively large, we merged all Mytilicola individuals under Mytilicola spp.. Finally, R. roscovita 
metacercariae and larval/juvenile Mytilicola spp. were left in the tissue, as these were too small 
to be removed from the mussel flesh.  
 
Condition of mussels 
After dissecting the mussels, we separated the mussel flesh from the shell and froze (-20 °C for at 
least 24 hours) and freeze-dried it (48 hours) to determine mussel tissue dry weight. Condition 
index was determined as CI = DW/L3, where DW is the tissue dry weight (mg) and L the final shell 
length of a mussel (cm, after Petersen et al., 2004).   
 
Statistical analysis 
At both experimental locations, background infection levels in mussels were determined for 
informative purposes only and hence not statistically analysed. Differences in snail density 
between matrix positions at each location were tested with Student’s t-tests.  
We used parasite data of individual mussels to model the effects of the position of mussels 
in the oyster matrix (bottom or top in the matrix) on the occurrence and intensity of each of the 
parasite species (the copepods Mytilicola spp. and trematode R. roscovita) in mussels in the 
statistical software package R (R Development Core Team, 2015). 
In the occurrence models, we used a generalized linear mixed model (GLMM; package 
lme4, Bates et al., 2015) following a binomial distribution with Mytilicola spp. or R. roscovita.  
occurrence (presence/absence) as response variable, location and position in the matrix and the 
interaction between these factors as fixed factors and rod as random effect. To model differences 
in parasite intensities in infected mussels, we used GLMMs following a negative binomial 
distribution (package glmmADMB, Fournier et al., 2012) with location, matrix position, the 
interaction between these variables and length as fixed factors, and individual rod as random 
factor. Length (measured at the end of the experiment) was additionally included in the intensity 
models, as intensity of R. roscovita (Chapter 3) and Mytilicola spp. (Grainger, 1951; Goedknegt et 
al., 2017) are known to vary with mussel size. P-values of all models were obtained by comparing 
the full model with reduced models without the fixed effect in question by means of likelihood 
ratio tests following chi-square distributions. 
We furthermore examined whether mussel fitness (condition) was affected by the 
position in the oyster matrix, the location and parasite infection levels (occurrence or intensity in 
two separate models). We used linear mixed models (LMM, package lme4, Bates et al., 2015), with 
the fitness parameter (condition index) as response variable, and position in the matrix, location 
and the interaction between these two variables as fixed factors. Additionally, parasite infection 
parameters of both parasites (occurrence or intensity), the interaction between the parasite 
species and their individual interactions with matrix position were included as fixed factors. 
Individual rod was added as a random effect in the models. Data selection for the intensity model 
only involved the subset of mussels that were infected with a parasite species, while the 
occurrence model was executed for the whole dataset.   
 
Trait-mediated indirect effects by oysters 
132 
Results 
Background infection levels and snail density 
Prevalences of the copepods Mytilicola spp. and the trematode Renicola roscovita were at least 
50% at both experimental locations, showing evidence for well-established parasite-host 
relationships at these beds. Interestingly, the recently introduced copepod Mytilicola orientalis  
was only present in the south (prevalences of 50%) and barely in the north (1%) of the Wadden 
Sea, while its con-generic Mytilicola intestinalis showed the reverse spatial pattern (7% in the 
south, 78.8% in the north). Furthermore, while prevalence of the trematode Renicola roscovita 
were reasonably high at both locations (86.7-98.8%), the mean infection intensity (± SE) was 
more than three times higher in the north (181.4 ± 28.0 trematodes per infected mussel) in 
comparison to the south (56.6 ± 13.9). This variation in trematode intensity in infected blue 
mussels (Mytilus edulis) was also reflected in the density of the periwinkle Littorina littorea, the 
first intermediate host of the parasite, which was also about three times higher on Sylt (mean 
density m-2 ± SE; north 445.3 ± 18.8, south 145.6 ± 16.4). Furthermore, both experimental 
locations also varied in patterns of snail distribution within the oyster matrix structure. While for 
the northern location there was no significant variation in snail density with position in the oyster 
matrix (t-test; p = 0.791), in the south periwinkles were present at higher densities on top of the 
oysters (187.2 m-2 ± 24.4 SE) compared to the bottom (104.0 ± 12.2) of the oyster matrix (t-test; 
t = 3.044, p < 0.01). 
 
Mussel survival, parasite infection levels and condition 
At both locations, 4 of the 80 mussels did not survive the experimental period (Texel: n = 3 
bottom, n = 1 top; Sylt: n = 2 both bottom and top). After four months, the surviving mussels (n = 
124) were well infected with the copepod Mytilicola spp. (mean prevalence ± SE; 0.49 ± 0.05) and 
the trematode R. roscovita (0.89 ± 0.03). Regarding the position (top and bottom) of mussels in 
the oyster matrix, both parasites showed reverse patterns as Mytilicola spp. prevalence 
(statistically tested as occurrence) was higher in mussels on top of the matrix (GLMM; ΔDeviance = 
8.001, p < 0.05), while for the trematode R. roscovita the opposite was true (ΔDeviance = 9.617, p < 
0.01; Fig. 6.3). However, clear differences in prevalences with matrix position were only observed 
at the southern oyster bed (Texel; Fig. 6.3), resulting in a significant interaction term for R. 
roscovita (ΔDeviance = 4.463, p < 0.05) and an almost significant interaction term for Mytilicola spp. 
(p = 0.072, Table 6.1).   
The variation in infection prevalence with mussel matrix position was also reflected in R. 
roscovita intensity, as the number of metacercariae was significantly higher in infected mussels 
at the bottom relative to mussels on top of the oyster matrix (GLMM; ΔDeviance = 8.562, p < 0.05; 
Table 6.1., Fig. 6.4). Although the interaction term was not significant (Table 6.1), the matrix 
position of mussels had a stronger effect at the Texel location, with mussels at the bottom of the 
oyster matrix experiencing about 3 times higher infection levels than mussels at the top, than at 
the Sylt location where mean infection levels differed only by about 10% depending on position 
in the matrix (Fig. 6.4). In general, intensities of R. roscovita were much higher at the northern 
location (ΔDeviance = 91.194, p < 0.001; Fig. 6.4). In contrast to trematode infections, Mytilicola spp. 
infection intensity did not differ between locations (p > 0.05) or depending on the position in the 
matrix (mean intensity ± SE; Sylt bottom 1.7 ± 0.4, top 1.8 ± 0.3; Texel bottom 1.8 ± 0.3, Texel top 
1.7 ± 0.2; p > 0.05, Table 6.1). Finally, for both, trematodes and copepods, mussel length was not 
a significant predictor in the intensity models (p > 0.05; Table 6.1). 
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Overall, mussels situated on top of the oyster matrix had significantly better condition indices 
than mussels at the bottom of the matrix in both the occurrence and intensity models (p < 0.01; 
Fig. 6.5, Supplementary Table S6.1). Mussel condition also differed between locations, with better 
condition of mussels at the southern compared to the northern location (p < 0.01). Furthermore, 
in both models the difference in condition with position in the matrix was larger on Texel (south) 
than on Sylt (north), resulting in significant interactions with matrix position and location (p < 
0.01). Furthermore, the condition of the mussels was not affected by the presence or intensity of 
the parasite species, however when mussels on top of the matrix were infected with higher 
intensities of Mytilicola spp. their condition was lower than infected mussels on the bottom of the 
oyster matrix, indicated by the significant interaction of matrix position with Mytilicola spp. 
intensity (p < 0.05; Table S6.1). 
 
Fig. 6.3 Prevalence of A) the parasitic copepod Mytilicola spp. and B) the trematode Renicola roscovita at 
the top (grey) and bottom (white) of the oyster matrix.  
 
Discussion 
Invasive habitat modifiers can exert indirect effects on native species. In this study, we applied 
this concept for the first time in the context of parasite-host interactions and tested whether the 
physical structure created by invasive Pacific oysters (Crassostrea gigas) affected parasite 
infection levels in native blue mussels (Mytilus edulis). The results of our replicated field 
experiment indicate that the three-dimensional habitat created by the oysters can lead to a 
decrease in infections by the invasive parasitic copepods Mytilicola spp., but amplified infections 
by the native trematode Renicola roscovita. However, the magnitude of these effects differed 
between locations and the two parasites, suggesting some variability in the strength of trait-
mediated effects of oysters on parasite infection levels in mussels.  
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Table 6.1 Results of GLMMs explaining variation in parasite occurrence and intensity in native blue 
mussels (Mytilus edulis) depending on the position (top vs. bottom) in the invasive Pacific oyster matrix 
(Crassostrea gigas), experimental location (Sylt in the north, Texel in the south of the Wadden Sea) and 
mussel length (for intensity only). Coefficients (Coeff.) and standard errors (SE) are shown for full models. 
Model selection was performed by backwards elimination of non-significant variables and values shown 
are from the point at which each variable was removed from the model.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.4 Boxplots of the intensity of the trematode Renicola roscovita at the top (grey) and at the bottom 
(white) at the two experimental locations A) Sylt and B) Texel.  
 
Model Parasite 
species 
Fixed effects Random effects 
Variables Coeff. SE Δ Dev. P Var. St. dev. 
Occurrence Mytilicola spp. 
(n = 124) 
Intercept -0.010 0.427     
Position in matrix 0.020 0.593 8.001 < 0.05   
Location 0.618 0.548 3.277 0.194   
Position * Location -1.400 0.793 3.246 0.072   
Rod     0.097 0.312 
R. roscovita 
(n = 124) 
Intercept 3.174 1.154     
Position in matrix -0.746 1.268 9.617 < 0.01   
Location -2.085 1.105 6.601 < 0.05   
Position * Location 3.288 1.716 4.463 < 0.05   
Rod     0.181 0.426 
Intensity  Mytilicola spp.  
(n = 61) 
Intercept 0.086 1.494     
Position in matrix -0.058 0.327 0.042 0.979   
Location -0.013 0.300 0.055 0.973   
Mussel length 0.011 0.031 0.124 0.725   
Position * Location 0.085 0.416 0.041 0.839   
Rod     0 0.002 
R. roscovita 
(n = 110) 
Intercept 3.370 1.388     
Position in matrix 0.250 0.305 8.562 <0.05   
Location -2.736 0.305 91.194 <0.001   
Mussel length 0.023 0.405 1.472 0.435   
Position * Location 0.494 0.029 0.610 0.225   
Rod     0.249 0.499 
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Fig. 6.5 Condition of mussels positioned on top (grey) and on the bottom (white) of the oyster matrix at 
both experimental locations. Black dots represent the means for each of the factor combinations. 
 
Infection patterns of Mytilicola spp. 
Mussels that were positioned on top of the oyster bed matrix had statistically significant higher 
prevalences of the parasitic copepods Mytilicola spp. relative to mussels situated at the bottom of 
the oyster bed. However, this pattern was only clearly seen at one of the two experimental 
locations (Texel), suggesting that the observed pattern may actually only hold true for M. 
orientalis (very rare at the northern location on Sylt), but not for Mytilicola intestinalis (very rare 
at the southern location on Texel). The revealed prevalence pattern probably relates to the direct 
life cycle of the parasites, which involves a free-living phase in which larvae passively distribute 
in the water column for 2-3 weeks (Hockley, 1951; Gee and Davey, 1986a) until it reaches its 
infective first copepodite stage that moves to deeper water layers by a photonegative response 
(Meyer and Mann, 1950; Hockley, 1951). Hence, recruitment of infective larval stages to an oyster 
bed originates from outside the bed and is decoupled from local production of larvae. As infective 
copepodids are not using chemical cues to find their hosts (Meyer and Mann, 1950; Gee and 
Davey, 1986b), the probability of successful infection of mussels on oyster beds is determined by 
the chance of encountering the hosts’ field of filtration and by the strength of the host filtration 
current (Gee and Davey, 1986b). Therefore, it is likely that the highest concentration of Mytilicola 
spp. larvae would gather at the top of an oyster bed where they first encounter filter feeding hosts, 
resulting in higher prevalences of Mytilicola spp. in mussels positioned on top of the oyster 
matrix. Interestingly, a similar pattern has been observed in barnacle larvae, which, like Mytilicola 
copepodids, spend several weeks in the water column before settling on blue mussels. Densities 
of recently settled barnacles were 2-3 times higher on mussels placed on top of the matrix, 
compared to mussels situated on the bottom of the oyster bed (Buschbaum et al., 2016). For 
barnacles as well as Mytilicola spp. the recruitment of larval stages from outside the oyster bed 
will result in a decreased exposure of mussels at the bottom of the oyster matrix, because the 
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density of larvae will be diluted inside the matrix. Dilution of Mytilicola larvae can take place via 
the host competence of the Pacific oyster, which differs between both Mytilicola spp.. For M. 
orientalis, the invasive Pacific oyster serves as an alternative host, as this parasite-host 
relationship originates from the native range of both species (Mori, 1935). Infective M. orientalis  
larvae searching for hosts are likely to infect the oysters and mussels they first encounter, 
resulting in lower infections of mussels living deep in the oyster matrix. In contrast, the 
mechanism for M. intestinalis is different, as this parasite does not seem to infect Pacific oysters 
in the Wadden Sea (Goedknegt et al., 2017) and artificial infections were thus far unsuccessful 
(Elsner et al., 2011; pers. comm. M. Feis). This suggests that, by being an incompetent host, the 
oyster may interfere with the transmission of larval stages of M. intestinalis by acting as a decoy, 
thereby reducing the disease risk for mussels hiding in the matrix. In either way, competent or 
non-competent oysters reduce the risk of infection with Mytilicola spp.. for mussels positioned 
deep in the oyster matrix. Whether the absence of a difference in prevalence between matrix 
positions at the northern location, where M. intestinalis dominates, suggests that this effect is only 
relevant for M. orientalis remains to be investigated. In contrast to the vertical prevalence pattern, 
we did not observe significant differences in Mytilicola spp. intensity in native mussels depending 
on the position in the invasive oyster matrix. This suggests that encounter rates with infective 
larval stages may be higher at the top of the oyster bed and that infectivity is relatively constant 
once larval stages have made it into the matrix. It may also be that the infection levels with 
Mytilicola spp. building up during the experiment were generally too low (mean intensity < 2) to 
be able to detect differences in infection intensities of mussels between the two positions in the 
oyster matrix.  
 
Infection patterns of Renicola roscovita 
The trematode Renicola roscovita showed opposite infection patterns in the oyster matrix 
compared to the copepods Mytilicola spp., with higher infection levels (in particular intensity) in 
mussels positioned at the bottom than at the top of the oyster beds. This result is  contradicting 
our expectations, as we anticipated a strong effect of the oysters’ transmission interference 
capacity which had been previously shown in field and lab studies (Thieltges et al., 2009a; Welsh 
et al., 2014; Goedknegt et al., 2015) and which we expected to result in lower infection levels of 
mussels hiding in between the oysters. Probably the oysters still caused an interference in 
parasite transmission in our experiment, but this was overruled by other biological and 
hydrographical processes that resulted in the observed vertical distribution pattern of 
trematodes in the oyster matrix. In contrast to the copepods, local recruitment of larval infective 
stages originates from within the oyster bed, which can be ascribed to the complex life cycle of 
trematodes. The infection process of R. roscovita starts when free living stages of the parasite 
(cercariae) emerge from the first intermediate host, the periwinkle Littorina littorea, which lives 
inside the oyster matrix. As the free-living cercarial stage is short-lived (<1 day with the infective 
period being <12 hours; Thieltges and Rick, 2006) and locally produced by snails in very high 
numbers (Thieltges and Rick 2006; Thieltges et al., 2008), infections are expected to happen on 
small spatial scales in close vicinity to the first intermediated hosts. This implies that infection 
levels in second intermediate hosts are usually positively correlated with the density of (infected) 
snails (Thieltges, 2007; Thieltges and Reise, 2007). Our data show that snail density was indeed 
reflected in the infection intensity in mussels, as snail density and infection intensity on natural 
mussel beds were both about three times higher in the northern (Sylt) compared to the southern 
(Texel) location. However, zooming in on the oyster matrix, the vertical distribution of snails did 
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not relate to the trematode infection intensity in mussels. While trematode intensities were 
significantly higher in mussels positioned at the bottom of the oyster matrix, snail density was 
either higher on top of the matrix (southern location, Texel) or there was no significant difference 
between matrix positions (northern location, Sylt). Hence, the higher infection levels in mussels 
at the bottom cannot be explained by snail distribution in the matrix, although we acknowledge 
that in absence of data on snail infection levels we cannot exclude the possibility that infected 
snail aggregate at the bottom of the oyster bed. Alternatively, hydrographical rather than 
biological processes may explain the higher infection levels of trematodes in mussels located on 
the bottom of the oyster bed. Infection in marine trematodes are known to primarily occur at low 
tide, when large concentrations of infective stages accumulate and are trapped in small volumes 
of water such as tidal pools, maximizing contact with their second intermediate hosts and 
increasing transmission rates (Mouritsen and Jensen, 1997; Mouritsen, 2002a; Mouritsen, 2002b; 
Thieltges and Reise, 2007; Koprivnikar and Poulin, 2009). Similar trapping of cercariae likely 
occurs in the matrix of oyster beds so that mussels at the bottom are exposed to a higher density 
of infective stages and for a longer duration than mussels on top of the oyster bed, resulting in 
higher prevalences and intensities in mussels at the bottom compared to the top of the matrix. 
Both biological and physiological process are not mutually exclusive and future experiments will 
be needed to determine the relative strength of the processes responsible for the observed 
vertical infection pattern of the trematode R. roscovita in the oyster matrix. Spatial variation in 
the relative strength of these processes may underlie the observed difference in effect size 
between locations (much stronger effect of matrix position at the southern compared to the 
northern location) and further studies will be needed to unravel the underlying mechanisms.  
 
Mussel condition 
The predator refuge seeking behaviour of mussels in the matrix in response to predators does 
not only come at the cost of a higher chance on trematode infections, but also considerably lowers 
the availability of food particles, demonstrated by the significant lower condition of mussels 
positioned at the bottom of the oyster bed. This is in agreement with results of Eschweiler and 
Christensen (2011) who also found reduced condition of mussels at the bottom of oyster beds. 
Interestingly, in our study neither infection nor intensity of both Mytilicola spp. and R. roscovita 
significantly affected the condition of mussels, which is somewhat surprising. Both Mytilicola spp. 
have been documented to negatively impact the condition of blue mussels (e.g., Meyer and Mann, 
1950; Korringa, 1952; Theisen, 1987; Chapter 7, but see Dethlefsen, 1975). Similarly, R. roscovita 
is known to cause reductions in blue mussel body condition (Stier et al., 2015). Possibly, the 
infection intensities in our experimental mussels were too low to detect a significant effect on 
mussel condition. However, in combination with position in the oyster matrix, increased 
Mytilicola spp. intensities caused a reduction in mussel condition when these were placed on top 
of the oysters. Finally, mussels significantly differed in condition between the two experimental 
locations, most likely caused by differences in environmental conditions between the northern 
and southern Wadden Sea.   
Conclusion 
In summary, our study shows that the biogenic matrix provided by invasive oysters does not only 
initiate trait-mediated indirect interactions (TMIIs) in the form of refuge seeking of native 
mussels which reduces crab predation (Eschweiler and Christensen, 2011; Waser et al., 2015), 
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but that these TMIIs also extend to parasite-host interactions. While the refuge seeking behaviour 
in the oyster matrix reduces infections with parasitic copepods to a certain extent, it comes with 
the cost of strongly increased exposure to trematodes . Hence, the predation (and to some extent 
parasitism) refuge for mussels gained from hiding in the matrix is traded for increased parasite 
infection levels and reduced foraging success at the bottom of the oyster bed. However, the fact 
that the magnitude of these effects differed between locations suggests a certain spatial 
variability in the strength of trait-mediated effects of oysters on parasite infection levels in 
mussels. Overall, the results of this study suggest a novel mechanism of how invasive ecosystem 
engineers can affect parasite-host interactions in recipient ecosystems. As invasive habitat 
modifying organisms and parasites are omnipresent in many ecosystems, TMIIs that lead to 
alterations of parasite-host interactions may be a common impact of biological invasions. 
 
Acknowledgements 
We are grateful to Jarco Havermans, Sarah Bedolfe and Annabelle Durain who supported us 
during the set-up and the monitoring of the experiment. This work was financially supported by 
the Netherlands Organization for Scientific Research (NWO) and the German Bundesministerium 
für Bildung und Forschung (BMBF) (NWO-ZKO project 839.11.002). 
  
Chapter 6 
 
139 
Supplementary material   
Table S6.1 Results of LMMs explaining variation in condition in native blue mussels (Mytilus edulis) 
depending on the position (top vs. bottom) in the invasive Pacific oyster matrix (Crassostrea gigas), 
experimental location (Sylt in the north vs Texel in the south of the Wadden Sea) and parasite infection 
level (occurrence and intensity for both parasite species). Coefficients and standard errors are shown for 
full models. Model selection was performed by backwards elimination of non-significant variables and 
values shown are from the point at which each variable was removed from the model. 
 
Model Fixed effects Random effects 
 Variables Coeff. SE Δ Dev. P Var. St. dev 
Occurrence 
(n = 124) 
Intercept 4.394 0.673     
Position in matrix -0.172 0.868 26.905 < 0.001   
Location 1.601 0.309 26.369 < 0.001   
Mytilicola spp.  -0.513 0.684 0.928 0.819   
R. roscovita  -0.271 0.652 0.917 0.821   
Position * Location -1.370 0.433 10.249 < 0.01   
Mytilicola spp. * R. roscovita 0.602 0.724 0.735 0.391   
Position * Mytilicola spp. 0.064 0.433 0.023 0.878   
Position * R. roscovita 0.041 0.843 0.917 0.821   
Rod     0.033 0.182 
Residual     1.275 1.129 
Intensity  
(n = 52) 
Intercept 4.448 0.634     
Position in matrix -0.303 0.969 17.34 < 0.01   
Location 1.658 0.555 10.281 < 0.01   
Mytilicola spp.  -0.119 0.221 4.423 0.219   
R. roscovita  0.002 0.005 6.330 0.097   
Position * Location -2.047 0.793 7.492 < 0.01   
Mytilicola spp. * R. roscovita  -0.003 0.003 1.271 0.260   
Position * Mytilicola spp. 0.590 0.306 4.128 <0.05   
Position * R. roscovita -0.006 0.006 1.191 0.275   
Rod     0 0 
Residual     1.137 1.066 
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Abstract 
Invasive species can indirectly affect native species by modifying parasite-host dynamics and 
disease occurrence. This scenario applies to European coastal waters where the invasive Pacific 
oyster (Crassostrea gigas) co-introduced the parasitic copepod Mytilicola orientalis that spills 
over to native blue mussels (Mytilus edulis). In this study, we investigated for the first time the 
impact of M. orientalis infections on blue mussels by conducting a laboratory experiment using 
controlled infections with larval stages of the parasitic copepod. As the impact of infections is 
likely to depend on the mussels’ food availability, we also tested whether potential adverse effects 
of infection on mussels intensify under low food conditions. Blue mussels that were 
experimentally infected with juvenile M. orientalis had significantly lower condition (11 - 13%) 
than uninfected mussels after nine weeks of infection. Likewise, naturally infected mussels from 
a mixed mussel and oyster bed had about 20% lower condition than uninfected mussels, however 
this difference was only marginally significant. Contrary to effects on mussel condition, we did 
not find an effect of experimental infections on clearance rates, growth or survival of blue mussels 
and no clear sign of exacerbating effects of food limitation. Our study illustrates that invasive 
species can indirectly affect native species via parasite co-introductions and parasite spillover 
and calls for the integration of such indirect effects of invasions in impact assessments of invasive 
species. 
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Introduction 
Invasive species affect native species, communities and ecosystems worldwide (Davies , 2009; 
McGeoch et al., 2010; Lockwood et al., 2013), often directly via predation and competition (Parker 
et al., 1999; Simberloff et al., 2013). However, invasive species can also exert indirect effects, for 
example by changing habitat structure or modifying parasite-host dynamics. Parasite-mediated 
indirect effects of invasive species can take place via several mechanisms (reviewed in Goedknegt 
et al., 2016). One of these mechanisms is the co-introduction of a parasite with an invasive host 
species (parasite co-introduction; Lymbery et al., 2014). Consequently, in the invaded range, this 
co-introduced parasite might spill over from its invasive host to novel native host species 
(parasite spillover; Prenter et al., 2004; Kelly et al., 2009). This mechanism is common in marine 
ecosystems, where 73% of the known parasite co-introductions are followed by parasite spillover 
from invasive to native host species (Goedknegt et al., 2016). Almost half of these spillover events 
have led to emerging diseases and subsequent mass mortalities of native hosts with, in several 
cases, knock-on effects on native communities and ecosystems (reviewed by Goedknegt et al. , 
2016). 
Parasite co-introduction and spillover have also occurred in the course of the introduction 
of the Pacific oyster (Crassostrea gigas; Thunberg, 1793) to European coastal waters for 
aquaculture purposes (Troost, 2010). With the initial oyster imports in the 1960s and 70s, the 
intestinal parasitic copepod Mytilicola orientalis (Mori, 1935) was co-introduced to Europe (His, 
1977). The parasite’s native range is in Japanese waters, and it has a direct life cycle with a free -
living larval dispersal stage, after which it resides in the intestines of molluscs (Mori, 1935). After 
its co-introduction to Europe, the parasite spread first via its principle host, the Pacific oyster, but 
was later additionally found in various native mollusc species, indicating spillover events (His , 
1977; Stock, 1993; Pogoda et al., 2012; Goedknegt et al., 2017). In particular, native blue mussels 
(Mytilus edulis; Linnaeus, 1758) are increasingly serving as new hosts, with infection prevalences 
being similar to or even exceeding those in Pacific oysters in some areas (Pogoda et al., 2012; 
Goedknegt et al., 2017). Native blue mussels are also infected by Mytilicola intestinalis (Steuer, 
1902), a related parasite species introduced from to the Mediterranean Sea about 80 years ago, 
(Steuer, 1902; Caspers, 1939; Elsner et al., 2011; Goedknegt et al., 2017) which has a similar direct 
life cycle as M. orientalis (Caspers, 1939; Grainger, 1951; Dethlefsen, 1985; Gee and Davey, 
1986a). Mytilicola intestinalis became infamous as the ‘red worm disease’, because it was blamed 
to be the causative agent of mass mortalities of blue mussels in the North Sea in the 1950s and 
60s (Korringa, 1968; Blateau et al., 1992), however so far experimental evidence for negative 
impacts based on controlled infections of mussels is lacking. Especially juvenile stages of M. 
intestinalis were held responsible for mortalities of mussels (Korringa, 1950; Dethlefsen, 1985) 
due to their presence in the ramifications of the digestive gland (Campbell, 1970). In addition, the 
energy demand of young infective stages is expected to be high after exploiting the egg yolk and 
the lack of external feeding in the pelagic larval phase (based on observations of M. intestinalis; 
Grainger, 1951), thereby increasing the chance for mussels to become negatively affected by 
juvenile stage of the parasite. For mature M. intestinalis, lethal and sublethal effects on important 
host fitness components such as condition, filtration rate and reproduction do not seem to be one-
directional and have been controversially discussed (e.g. review by Lauckner, 1983). Similarly, 
while the new invasive parasite M. orientalis is generally considered a serious pest (Holmes and 
Minchin, 1995) and registered in the list of 100 worst invaders of the Mediterranean (Streftaris 
and Zenetos, 2006), studies on the lethal and sublethal effects of M. orientalis are inconclusive for 
oyster hosts (C. gigas: Katkansky et al., 1967; Deslous-Paoli, 1981; De Grave et al., 1995; Steele 
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and Mulcahy, 2001; Ostrea lurida: Odlaug, 1946) and, like for M. intestinalis, they generally lack 
experimental approaches. Effects of M. orientalis on its new native host, the blue mussel, have not 
been studied to date. The impact of the invasive M. orientalis on native blue mussels is likely to be 
modified by environmental factors and species interactions (e.g. Campbell, 1970; Lauckner, 1983; 
Hepper, 1953; Troost, 2010). For example, seasonal cycles, extreme temperatures and inter- and 
intraspecific competition may lead to food limiting conditions that can either alleviate or intensify 
adverse effects of infection by the parasitic copepod. Along these lines, Moore et al. (1977) 
postulated that M. intestinalis actually lives in a commensal relationship with their host, but that 
this relationship can turn into a negative interaction in times of serious food limitation.  However, 
experimental evidence for an augmented impact of Mytilicola spp. infections on hosts at low food 
levels is lacking.  
In this study, we investigated for the first time the effects of M. orientalis infection on the 
native blue mussel M. edulis by conducting a laboratory experiment with controlled infections of 
mussels with larval stages of the copepods . Following the hypothesis of Moore et al. (1977) we 
also tested whether potential adverse effects of infection on survival, clearance rate, body 
condition and growth of blue mussels intensify with low food conditions. Next to this laboratory 
experiment, we collected mussels in the field to determine natural infection levels and to 
investigate relationships between Mytilicola infections and mussel condition. This combination 
of lab and field investigations allowed us to assess the impact of the spill over of the invasive 
parasite M. orientalis from invasive Pacific oysters on native blue mussels.  
 
Material and methods 
Field survey  
To determine natural infection levels of Mytilicola orientalis in blue mussels (Mytilus edulis) of the 
size class used in the experiments, we collected 10 mussels of 30-35 mm length from a mixed 
(Pacific oysters (Crassostrea gigas) and blue mussels) bed located on the Vlakte van Kerken, a 
tidal flat on the east coast of the island of Texel (53°06'83.1" N; 4°55'19.8" E, Wadden Sea, The 
Netherlands) on 25 June 2014. Additionally, we collected another 39 mussels (34.1-53.6 mm) to 
analyse for the relationship between infection status (infected/uninfected) and mussel body 
condition. Before screening, we measured the length of each mussel shell to the nearest mm with 
callipers and then separated both shells. For methods on the assessments of infection status and 
condition index see section Measurement of clearance rate, body condition and growth . 
 
Experimental infections  
Uninfected mussels (30-35 mm) for the experiments were collected from basalt groins on the 
north-west shore of the Dutch mainland (Julianadorp, 52°52'55.8" N; 4°42'25.9" E). Previous 
explorations had shown that Mytilicola spp. do not occur at this location, which was verified by 
dissecting 30 mussels in which no infections were found. Any epifauna (mostly barnacles) on the 
mussels was carefully removed from the shells to ensure that copepod larvae could infect mussels 
without being predated or physically obstructed during experimental infections (Johnson and 
Thieltges, 2010). Until the infection procedure, collected mussels were maintained in 75 L flow-
through tanks at 18°C under a 24-hour light cycle (12 h light and 12 h dark) and fed three times 
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per week with fresh Isochrysis galbana culture, or alternatively with Phyto-Feast® when fresh 
culture was unavailable.  
To acquire a source for M. orientalis larvae, mussels were collected from a mixed bed with 
known Mytilicola infections located on a tidal flat on the east coast of the island of Texel 
(53°06'83.1" N, 4°55'19.8" E, Vlakte van Kerken, Wadden Sea, The Netherlands). Within two days 
of collection, mussels were dissected and M. orientalis gravid females extracted, which were 
identified and distinguished from M. intestinalis based on descriptions of Mori (1935) and Elsner 
et al. (2011). The egg sacs were separated from the female and placed in individual petri dishes 
(Ø 60 mm) filled with sea water. They were incubated at approximately 30°C to expedite the 
larval development time (based on results of a pilot study) and were monitored daily. Larval 
stages were identified based on descriptions of M. intestinalis larvae by Gee and Davey (1986a). 
When larvae had developed into the copepod I stage (infestive stage; Gee and Davey 1986a), 
uninfected mussels were challenged with the larvae. However, due to variation in larval hatching 
and development time, insufficient larvae were available to infect all mussels in one batch, 
ultimately resulting in two temporal batches of infected mussels, which formed the base of the 
experiment.  
Before exposure to infestive larvae, the shell length of each mussel was measured with 
callipers to the nearest mm. As this was the first time that artificial infections were conducted 
with M. orientalis, we experimented with two infection protocols (Table 7.1). Individual mussels 
in the first batch of the experiment were exposed to parasites in a 100 mL cup and after 24 h 
mussels and sea water were transferred to a 1000 mL container for the following eight weeks of 
the experiment. For individual mussels in the second batch, exposure was carried out directly in 
the 1000 mL container, where they remained for the entire nine weeks of this study. 
Exposure of mussels to infestive larvae was done by carefully pipetting (200 μl pipette) 
25 larvae from the petri dish (by the use of a stereo microscope) and depositing them into the 
container with an uninfected mussel and sea water. To promote filtration and uptake of infestive 
larvae, small amounts of algal culture (I. galbana) were added to the sea water during exposure 
of mussels from batch two of the experiment. Five extra mussels per each of the two batches were 
infected and sacrificed for examination of larval development at mid-way points during the 
experiments. Control mussels were treated identically to exposed mussels within each batch 
(transfer of sea water) but without the addition of copepodites.   
 
Experimental set-up 
The experiment was set up immediately after exposing the mussels to the parasite larvae. The 
experiment was run in a two-factorial design with M. orientalis infection (infected/uninfected) 
and food level (high/low) as fixed factors and set up in blocks of four 1000 mL containers with a 
replicate of each of the four treatments. The containers were kept in a climate-controlled room at 
18°C and sea water was replaced weekly. All mussels were fed three times per week with the 
same amount of Isochrysis algae mixture, with mussels in the high food treatment receiving 50 
mL algae mixture and mussels in the low food treatment receiving half that quantity.  When fresh 
algae culture was unavailable, 0.1 mL of PhytoFeast® per mussel was provided in the high food 
treatment, while 0.05 mL was provided to mussels in the low food treatment. 
The first batch of the experiment (17 blocks) was commenced about three weeks earlier 
than the second batch (15 blocks) as determined by the availability of infective copepodite stages 
(Table 7.1). Survival of mussels was monitored daily, but no mortality was observed throughout 
the experiment. We conducted the first clearance rate measurements (see section Measurement 
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of clearance rate, body condition and growth for details) of the first batch of mussels 
approximately one week after exposure to M. orientalis larvae, while the clearance rate of the 
second batch of mussels was measured immediately (one day) after exposure. We continued to 
measure the clearance rate of each mussel once per week, to assess if and when larval maturation 
affected the clearance rate of mussels. The experiment ran for a maximum of nine weeks, after 
which all mussels were measured, screened for presence of M. orientalis larvae, frozen, freeze-
dried and weighed to assess condition index (see section Measurement of clearance rate, body 
condition and growth for details). 
 
Measurement of clearance rate, body condition and growth 
Clearance rate 
Clearance rate was assessed by means of the indirect clearance method (Riisgård, 2001; Petersen 
et al., 2004). One day prior to the measurement, seawater was refreshed in all containers. In the 
morning before the test, we made dilutions of live algal (I. galbana) culture and analysed its 
density using a CASY® Cell Counter and Analyser System Model TT (Schärfe System GmbH). The 
algal dilutions were calibrated to RFU (Relative Fluorescence Units) using a Trilogy® Laboratory  
Fluorometer (Turner Designs). During the test, algal concentration measurements were 
performed on the fluorometer as its high measurement rate allowed us to measure a large 
number of samples in a short period of time. Fluorometer measurements required 1.5 mL of 
water that we obtained from each experimental container with a 2 mL pipette.  
We measured background fluorescence levels (RFU) immediately before the test and used 
a calibration curve to calculate the amount of algal culture needed to create an initial starting 
concentration of 13 x 103 – 14 x 103 algal cells per mL in each experimental container. This level 
was chosen to avoid very high or very low algal densities which are known to hamper filtration 
of mussels (Clausen and Riisgård, 1996) and because it falls in the middle of the range in which 
mussel filtration rate is independent of food density (Riisgård and Randløv, 1981). Algal culture 
of the calculated quantity was added once to all experimental containers and fluorescence was 
measured immediately after addition (t0) and again after one (t1) and two hours (t2). The 
measured RFU values at these measurement intervals were corrected for background 
fluorescence after which these values were transformed to number of algal cells by the use of the 
calibration curve mentioned above. Subsequently, the decrease in algal cells over two hours was 
estimated by calculating the slope of the regression line of the ln-transformed cell numbers as a 
function of time (in min; after Stier et al., 2015). Finally, to assess the clearance rate in mL min-1 
we multiplied the slope of each individual regression by -1000, to account for the 1000 mL 
volume of water in which the mussels were kept during the measurements. Some mussels did not 
filter at all during the measurements and therefore a separate category (successful filtration: 
yes/no) was used as a random effect in the clearance rate mixed model to take this variation into 
account (see section Statistical analysis). 
 
Body condition and growth 
At the termination of the experiment, we dissected all mussels to check for the presence of M. 
orientalis in “infected” mussels and absence in the “control” mussels. Mussel tissue was 
compressed between glass slides and examined under a stereo microscope (magnification 10-
80x) to account for all parasitic copepods, including larvae and juveniles (Gee and Davey, 1986a). 
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We separated the shells from the mussel tissue and extracted adult copepods from the intestines. 
Larvae were left in the tissue, as these were too small to handle without disturbing the mussel 
flesh. We froze (-20 °C for at least 24 hours) and freeze-dried the mussel tissue (48 hours) to 
determine dry weight. Condition index was determined as CI = DW L-3, where DW is the dry 
weight (mg) of the tissue and L is the final shell length (cm, after Petersen et al. , 2004). At 
termination of the experiment, the length of each individual mussel shell was measured to the 
nearest mm with callipers. Growth was then calculated by extracting initial length from the final 
length of each mussel.  
 
Statistical analysis 
All statistical analyses were performed using the statistical software package R (R Development 
Core Team, 2015) and model assumptions were confirmed using diagnostic model plots (Zuur et 
al., 2010). P values of < 0.05 were considered as significant.  
 
Natural infections in the field 
The condition index was log transformed to improve normality of the data. Subsequently, the 
difference in body condition in infected (n = 18) and uninfected mussels (n = 21) was analysed 
with a Student’s t-test. 
 
Failed controlled infections 
Experimental blocks found to contain mussels with failed infections (exposed to larvae but not 
found to be infected at the end of the experiment), or unanticipated infections (found to be 
infected despite not having been exposed to larvae) were excluded from the analysis to preserve 
a balanced design with a complete dataset. In the first batch of the experiment, four mussels (out 
of 34 mussels exposed to larvae) remained uninfected and one mussel was unintentionally 
infected, while in the second batch infection success was lower and seven (out of 30) mussels 
where left uninfected. After removing all blocks with failed infections, 12 blocks were left for the 
first and 10 blocks for the second batch of the experiment.  
 
Laboratory experiment 
Each of the two experimental batches was analysed separately, but similar models were used for 
both batches. To test for effects of the parasite on clearance rate of the mussels, we applied a 
square root transformation on clearance rate data and used a linear mixed model (lmm; lmer 
function from the package lme4; Bates et al., 2015) including infection status 
(infected/uninfected), food level (high/low) and time plus their interactions, and experimental 
block as fixed factors. Individual mussels and successful filtration (see section Measurement of 
clearance rate, body condition and growth) were included as random effects. We used a similar 
model to investigate the effect of infection intensity (number of M. orientalis individuals per 
infected mussel) on clearance rate of infected mussels, but instead of infection status 
(infected/uninfected) we used the number of M. orientalis individuals as predictor in the model. 
For all these mixed models, p-values were obtained by comparing the full model (with all fixed 
effects) against a reduced model (without the fixed effect in question) with a likelihood ratio test.  
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Condition index was log transformed to improve normality of the data. To test for effects 
of the parasite on the condition of blue mussels, we applied a general linear model (ANOVA) with 
infection status (infected/uninfected), food level (high/low), their interaction and the blocking 
factor as explanatory variables. Again, we used a similar model to investigate the effect of 
infection intensity on the condition index of infected mussels, but we replaced infection status 
(infected/uninfected) with M. orientalis intensity.  
Finally, to test for the effects of the parasite on mussel growth, we first modelled growth 
against mussel length at the start of the experiment with a linear model. We took the residuals 
from this model as a proxy for growth (corrected for initial length) and subsequently used 
another general linear model to test for the effects of infection status (infected/uninfected), food 
level (high/low), their interaction, and experimental blocking as explanatory variables. Finally, 
we tested the effect of intensity of infection on (corrected) growth of infected mussels, by using a 
similar linear model where we replaced the infection category by numbers of M. orientalis.  
 
Results 
Natural infections  
Mytilicola orientalis prevalence in blue mussels (Mytilus edulis, 30-35 mm; the size category used 
in the experiments) on a mixed mussel (M. edulis) and Pacific oyster (Crassostrea gigas) bed on a 
tidal flat on the east coast of Texel (Vlakte van Kerken) was 50% with a mean (± SD) intensity of 
3.0 (± 1.6) individuals per infected host. Naturally infected mussels tended to have 20% lower 
condition indices than uninfected mussels, however the difference was only marginally 
significant (t = 8.880, p = 0.068; Fig. 7.1).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.1 Condition index (log transformed) of uninfected mussels (n = 21) and mussels infected with 
Mytilicola orientalis (n = 18) collected on a mixed blue mussel (Mytilus edulis) and Pacific oyster 
(Crassostrea gigas) bed on a tidal flat on the east coast of Texel (Vlakte van Kerken, Texel, The Netherlands). 
The black dots represent the mean condition indices of each group. Note the truncated y-axis. 
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Success of artificial infections 
Hatching success 
Dissection of 140 mussels from a mixed mussel and oyster bed on the east coast of Texel (Vlakte 
van Kerken) produced 60 egg sacs (prevalence of gravid females 43%). Time from egg sac 
extraction to hatching of copepod larvae was highly variable and ranged from immediate hatching 
to eight days after extraction, with an average of 4.4 days. At early phases the eggs were opaque 
(Fig. 7.2 A), but when close to hatching, the eggs became transparent and the red eye spots of the 
larvae became visible through the egg case (Fig. 7.2 B). All eggs within an individual egg sac 
developed at similar rates, however hatching success ranged from 0 - 100% and 26.1% of the 
eggs failed to hatch at all. The nauplius phase (Fig. 7.2 C) lasted a day maximum and infective 
copepodite I larvae (Fig. 7.2 D) appeared on average 4.8 days after egg extraction, though the 
earliest larvae metamorphosed within two days. After eight days, larval survival declined and the 
collection period was terminated. The nauplii were 200 - 220 μm in length and the copepodite I 
(infestive) stages were 240-290 μm long. On average 50 copepodite larvae successfully emerged 
from a single female’s egg sac pair (i.e. approximately 25 per egg sac), although the maximum 
recorded was over 200 copepodites in a pair.  
 
 
 
 
 
 
 
Fig. 7.2 Developmental phases of Mytilicola orientalis: A) a pair of egg sacs, B) eggs about to hatch (note 
the red eye spots), C) nauplius and D) infective copepodite I larva. The white scale bars denote 200 μm. 
 
Infection success 
Infection success differed among the two experimental batches (Table 7.1). The first batch of 
mussels had a higher infection success (88%) than the second batch (76%; Table 7.1). The 
maximum number of individual M. orientalis found in a single mussel was 12. Average intensities 
of artificial infections in both batches were comparable to those in the field (mean ± SD; Batch 1: 
3.0 ± 2.4, Batch 2: 3.5 ± 3.2). Like adults, juvenile copepods were found in the digestive tract in 
proximity to the stomach of blue mussels and were approximately max. 2 mm long at termination 
of the experiment (8-9 weeks; Fig. 7.3). Therefore, the copepodites had almost grown ten times 
as large, at a rate of about 30 μm day-1 since they infected their host. As the copepods were not 
yet grown to full size of maturity, it was impossible to determine the sex of the parasites. The 
uninfected control mussels were confirmed to be free of infection, except for one mussel in the 
first batch that was infected with two adult female M. orientalis.  
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Table 7.1 Infection protocol and infection results for the two batches in the experiment, with the batch 
number, addition of food during parasite exposure, the unit and duration in which exposure took place, the 
experimental unit and duration, infection success (number of successfully infected mussels out of the total 
number of exposed mussels) and mean intensity (± SD) of successfully infected mussels.   
Batch Food addition 
during exposure 
Exposure unit 
and duration 
Experimental 
unit and duration 
Infection 
success 
Mean intensity 
(± SD) 
1 Yes 100 mL 
24 h 
1000 mL 
8 weeks  
88%  
(30/34) 
3.0 ± 2.4 
2 No 1000 mL 
9 weeks (entire experiment) 
76%   
(23/30) 
3.5 ± 3.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.3 Developmental status of Mytilicola orientalis infections after approximately A) 5.5 weeks (scale bar 
denotes 1000 μm) and B) 8 weeks (scale bar denotes 500 μm) after exposure to larvae.  
 
Effects on clearance rate 
In both experimental batches, no mortality occurred in infected and uninfected mussels. For 
either batch in this experiment we did not find significant overall effects of infection status or 
food limitation on mussel clearance rate (Table 7.2; Fig. 7.4). However, clearance rate significantly 
differed over time in the second (lmm; p < 0.001; Fig. 7.4 B; Table 7.2) but not in the first batch (p 
= 0.722; Fig. 7.4 A; Table 7.2) of the experiment. This difference probably results from the relative 
high clearance rates in the first week and relative lower clearance rates in week 7 of batch 2 in 
comparison to batch 1 of the experiment (Fig. 7.4). When testing for the effects of infection 
intensity upon infected mussels, we found no significant results for any of the factors in the first 
batch, but a marginally significant interaction between food level and infection intensity (p = 
0.066; mussels with higher infection intensities fed under low food conditions tended to have 
lower clearance rates) and a significant effect of time (p < 0.001; Table 7.2) in the second batch 
of the experiment.  
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Fig. 7.4 Mean clearance rate (± SE) of uninfected blue mussels (grey) and mussels infected with early stages 
of Mytilicola orientalis (< 9 weeks; black) fed under high (circles) and low (triangles) food conditions. 
Clearance rates were measured weekly after exposure to infestive larvae for each of the four treatment 
groups in A) the first and B) second batch of the experiment. 
 
 
Effects on body condition 
Infected mussels had significantly lower condition indices (Batch 1: 11%, Batch 2: 13%) than 
uninfected mussels (LRT; Batch 1: p < 0.05, Batch 2: p < 0.05, Fig. 7.5, Table 7.3). Furthermore, 
infected mussels kept under low food levels had the tendency to have lower condition indices, 
while uninfected mussels had slightly increased condition indices (Fig. 7.5). However, in both 
batches, the effect of food level as well as the interaction between infection and food level was not 
significant (Table 7.3).  
In additional analyses, where we tested for an effect of M. orientalis intensity and food 
limitation on the condition index of infected mussels, we found different results for both batches. 
In the first batch, mussels with higher infection intensities had slightly higher condition indices 
than mussels with lower infection intensities (p < 0.05), but this result was not significant in the 
second experimental batch (Table 7.3). Additionally, the block factor was significant in the first 
batch (p < 0.01), but again not significant in the second batch of the experiment. Finally, we did  
not find any significant effects of food level or the interaction between intensity and food level in 
both batches of the experiment (Table 7.3).   
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Table 7.3 Results of linear models that tested for effects of infection with Mytilicola orientalis and food 
level on blue mussel condition (log transformed) in the two batches of the experiment. The effects of 
infection and food level were tested for all mussels, while the effect of parasite intensity was only tested for 
infected mussels in the experiment.  
Data 
selection 
Factor Batch 1 Batch 2 
df SS MS F p df MS SS F p 
All 
mussels 
Food  1 0.003 0.003 0.317 0.577 1 0.001 0.001 0.074 0.789 
Infection 1 0.045 0.045 4.153 < 0.05 1 0.039 0.039 4.956 < 0.05 
Block 11 0.142 0.013 1.183 0.336 9 0.148 0.016 2.101 0.066 
Infection * Food  1 0.006 0.006 0.515 0.478 1 0.003 0.003 0.437 0.514 
Residuals 33 0.361 0.011   27 0.211 0.008   
Infected 
mussels 
only 
Intensity 1 0.032 0.032 5.374 < 0.05 1 0.001 0.001 0.078 0.788 
Food  1 0.005 0.005 0.833 0.385 1 0.001 0.001 0.079 0.786 
Block 11 0.312 0.028 4.774 < 0.05 9 0.102 0.011 0.890 0.575 
Intensity * Food  1 0.003 0.003 0.465 0.512 1 0.002 0.002 0.144 0.715 
Residuals 9 0.054 0.006   7 0.090 0.013   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.5 Boxplots of the condition index (log transformed) of mussels in A) the first and B) second batch of 
the experiment that were either infected (grey) or uninfected (white) with early stages of Mytilicola 
orientalis (< 9 weeks) and kept under high or low food level conditions during the nine weeks of the 
experiment. The black dot within each box indicates the group’s mean condition index. Note the truncated 
y-axis. 
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Effects on growth 
Mean growth (± SE) was 0.56 (± 0.05) mm in the first batch and 0.49 (± 0.07) mm in the second 
batch of the experiment, which is an average of about 0.01 mm day -1. In both batches, growth 
(corrected for initial shell length) of mussels was not significantly affected by M. orientalis 
infection, food level, the interaction between those variables and the blocking factor (Table 7.4). 
Furthermore, among only the infected individuals in both batches, we did not detect any 
significant effect of infection intensity, food level, an interaction between those terms or an effect 
of experimental blocking on the growth of infected mussels in either batch (Table 7.4). 
 
Table 7.4 Results of linear models that tested for effects of infection with Mytilicola orientalis and food 
level on blue mussel growth (corrected for initial length) in the two batches of the experiment. The effects 
of infection and food level were tested with linear models for all mussels, while the effect of parasite 
intensity tested was only tested for infected mussels in the experiment.  
Data  Factor Batch 1 Batch 2 
df SS MS F P df MS SS F P 
All 
mussels 
Food  1 0.178 0.178 1.274 0.267 1 0.137 0.137 0.869 0.360 
Infection 1 0.095 0.095 0.681 0.415 1 0.053 0.053 0.337 0.567 
Block 11 1.029 0.094 0.670 0.756 9 2.519 0.280 1.770 0.121 
Infection * Food  1 0.263 0.263 1.881 0.180 1 0.440 0.440 2.781 0.107 
Residuals 33 4.607 0.140   2
7 
0.158 0.158   
Infected 
mussels 
only 
Intensity 1 0.054 0.054 0.366 0.550 1 0.082 0.082 0.305 0.598 
Food  1 0.193 0.193 1.304 0.262 1 0.076 0.076 0.281 0.612 
Block 11 0.997 0.091 0.612 0.805 9 1.615 0.180 0.665 0.720 
Intensity * Food  1 0.042 0.042 0.285 0.597 1 0.009 0.009 0.034 0.858 
Residuals 33 4.886 0.148   7 1.890 0.270   
 
Discussion 
This study is the first to experimentally test for the effects of the invasive parasitic copepod 
Mytilicola orientalis (which has recently spilled over from invasive Pacific oysters Crassostrea 
gigas) on native blue mussels (Mytilus edulis). By using controlled infections and laboratory 
experiments, we found significant negative effects of infection with (juvenile stages of) the 
invasive parasite on the condition of mussels. Naturally infected mussels from the field also had 
lower condition than uninfected mussels, but the difference was only marginally significant. 
Evidence for parasite effects on mussel clearance rates was limited, and no effects on mussel 
survival and growth were found.  
The detrimental effect of especially early stages of Mytilicola infections has been 
previously suggested (for the congeneric M. intestinalis; Korringa, 1950; Dethlefsen, 1985) due 
their presence in the ramifications of the digestive gland (Campbell, 1970). This is the digestive 
organ in molluscs and infections may compromise its functioning. Additionally, the growth rate 
of especially young individuals of any species (in our experiment copepods grew on almost 10 
times as large over 8 weeks (32 μm day-1), is usually larger than that of adults, requiring 
enormous amounts of energy. As stable isotope analyses suggest that Mytilicola feeds on host 
tissue (Gresty and Quarmby, 1991), the high energy demand of the growing copepods can be 
expected to lead to a significant loss of tissue, ultimately resulting in lower host condition (11-
13% in our experiments). Moreover, this feeding activity will incur other energetic costs: when 
Mytilicola feeds on host tissue, the resulting metaplasia of the host gut epithelium (Moore et al. , 
1977) needs to be repaired, which is an energetically demanding process for the host and likely 
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to reduce host condition. When Mytilicola matures, the effects of the parasite may become less 
severe as the copepods move away from the digestive gland and migrate further down the 
digestive tract (Grainger, 1951; Gee and Davey, 1986a). A decrease in harmfulness with parasite 
age may also explain that we only found a marginally significant difference in condition between 
infected and uninfected mussels in the field, as those infections consisted of a mix of young and 
older stages of M. orientalis. Generally, adverse effects of M. orientalis on host condition have also 
been reported for oysters (e.g. Ostrea lurida: Odlaug, 1946; Crassostrea gigas: Katkansky et al., 
1967) and are known to increase with parasite intensity (Katkansky et al. , 1967). However, in our 
experiments we could not find a general trend of declining mussel condition with infection 
intensity, as the two experimental batches gave contrary results in this respect. The presence of 
sometimes high intensities of remaining larvae in the digestive tissue (too miniature to be taken 
out without removing tissue) could have positively influenced the weight measurements and 
thereby contributed to the observed slight positive effect of infection intensity on mussel 
condition in the first batch of the experiment. Nevertheless, the general negative effect of 
infections with early stages of M. orientalis on mussel condition suggests that native mussels are 
experiencing negative effects due to the spillover of this invasive parasite. As condition is related 
to reproductive output in mussels (e.g. Bayne et al., 1983) and because prevalence of M. orientalis  
in mussels is often high (up to 63%; Goedknegt et al., 2017), the impact of this invader may extend 
beyond individual infected mussels, however, this remains to be investigated.  
In contrast to the adverse effects of juvenile M. orientalis on mussel condition, we only 
found limited evidence of negative effects of M. orientalis on clearance rates of mussels. This is 
also in contrast with a previous study that observed a reduced filtration capacity in mussels 
infected with trematode metacercariae, which encyst in mussel gills and palps and interfere with 
filtration (Stier et al., 2015). However, as Mytilicola resides in the mussels’ intestines it may not 
directly impact gill function in the same way as trematode metacercariae. Instead, Mytilicola 
infections may only indirectly affect filtration by influencing host energy requirements and 
expenditure. However, we did not find evidence for such effects in our experiment and therefore 
negative effects of Mytilicola infections on mussel clearance rates seem to be limited. We 
acknowledge that our inference in this respect might have been hampered due to the relatively 
large variation in clearance rates we observed within and among mussels over time, especially in 
the second batch of the experiment. Part of this variation is explained by the mussels that did not 
filter during our experiment, which we included as a random effect in the model. Overall, 
observed clearance rates were relatively low and in many cases dropped to less than 10 mL/min, 
which is lower than filtration rates previously reported for mussels under comparable algal 
concentrations (Clausen and Riisgård, 1996; Stier et al., 2015). The underlying reasons for these 
low values are not known but suggest that that mussels were not optimally adjusted to our 
experimental conditions. The low clearance rates may also explain the limited growth of all 
mussels (on average 0.01 mm day-1) and the subsequent lack of negative effects of M. orientalis  
on mussel growth. Nevertheless, a lack of an adverse effect of M. orientalis on growth is in 
correspondence with observational studies of Pacific oysters (Katkansky et al. , 1967; Steele and 
Mulcahy, 2001). Finally, a negative effect of the parasite on mussel survival could have been 
expected given that it’s congeneric M. intestinalis has been considered to be the causative agent 
of mussel mass mortalities in the past (Korringa, 1968; Blateau et al., 1992). However, in our 
experiment there was no mortality of mussels among experimental treatments, illustrating the 
sub-lethality of the parasite that has also previously been shown for Pacific oysters (Katkansky 
et al., 1967).  
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In contrast to our expectation, we did not find clear evidence that food shortage exacerbated the 
effects of Mytilicola infections. Only in the second batch of the experiment we observed a 
marginally significant interaction between infection intensity and food level, where mussels 
infected with more parasites but fed under low food conditions had slightly lower clearance rates. 
This indicates that potential synergistic exacerbating effects are weak, and that only mussels with 
high infection intensities living under low food conditions might suffer from lower clearance 
rates. However, this result was not found in the first batch of the experiment and it had no 
consequence for differences in mussel condition between food levels. Conceivably, the chosen 
food regimes did not differ enough to be able to detect stronger exacerbating effects. The limited 
growth of mussels in our experiment, even in the high food-no infection treatment, also suggests 
this possibility. Therefore, future studies may investigate the harmfulness of the parasite under 
more extreme food conditions. 
In general, controlled infections of hosts with Mytilicola infestive larval stages proved to 
be an effective method, which can be applied in subsequent studies as they will help to overcome 
the lack of strong inference in earlier correlative studies on both Mytilicola species. Here, we have 
developed a successful technique to harvest the invasive parasite M. orientalis and to infect its 
new blue mussel host under laboratory conditions. The lack of mortality of mussels among 
treatments during the entire experiment, implies, besides suggesting only sublethal effects of the 
parasite, that our experimental procedures were non-lethal. Furthermore, we have documented, 
for the first time, the maturation of M. orientalis larval stages from the moment of hatching to the 
development of the infective stage, which typically took less than one week under the relatively 
high temperatures used to increase development speed (i.e. the planktonic phase is likely to be 
longer in natural populations). Our infection methods were successful (success rate 71-88%) and 
we achieved mean intensities (approx. 3 copepods per infected host) that were similar to 
intensities observed in natural populations of infected mussels. As the results of our varying 
infection techniques only marginally differed between batches, the addition of food during 
parasite exposure and the size of the infection containers do not appear to drastically affect the 
outcome of laboratory infections. Given that Gee and Davey (1986a) estimated a maturation 
period of 70.8 (± 16.6, 95% confidence interval) days at 14-18°C and just 8.3 (± 4.1) days at 18-
22 °C for M. intestinalis, we expected our experiments to provide ample time for the parasites to 
achieve maturity. However, our screenings unexpectedly revealed almost exclusively juvenile M. 
orientalis after nine weeks in the experiment, carried out at 18 °C. This may indicate that M. 
orientalis maturation times are significantly longer than M. intestinalis due to a lower tolerance 
for cool temperatures and further studies will be needed to determine developmental times of 
the parasite at various temperatures.  
In conclusion, this is the first study in which controlled laboratory infections with the 
invasive copepod M. orientalis were performed on its new native blue mussel host. We discovered 
that infections with early stages of the copepod (up to nine weeks) lead to lower condition of 
infected mussels. As our study was performed with juvenile stages of the parasitic copepod, 
potential impacts of adult parasites remain to be investigated. In addition, in our experimental 
study, we challenged the mussels only with two stressors (infection with M. orientalis and limiting 
food conditions). However, for mussels living on natural mussel beds, stressors may be more 
diverse and severe (e.g. extreme temperatures, infections with multiple parasite species, resource 
competition with other species), opening perspectives for future studies. Such studies will be 
important to identify the full range of indirect effects of invasive oysters and other invasive 
species on native biota via parasite co-introductions and subsequent parasite spillover.  
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Abstract 
Invasive parasites can spill over to new hosts in invaded ecosystems with often unpredictable 
trophic relationships within the new associations. In European seas, the intestinal copepod 
Mytilicola orientalis was co-introduced with Pacific oysters (Crassostrea gigas) and spilled over 
to native blue mussels (Mytilus edulis). This intestinal parasite caused a reduction in the condition 
of the mussels. However, whether the parasite feeds on host tissue and/or stomach contents is 
yet unknown. To answer this question, we performed a stable isotope analysis in which we 
included host tissue and the primary food sources of the mussels, microphytobenthos (MPB) and 
particulate organic matter (POM). The copepods were significantly enriched in 15N and 13C ratios 
relative to their mussel hosts (mean ± SD; 1.22 ± 0.58‰ for δ15N, 0.25 ± 0.32‰ for δ13C). Mixing 
models indicated that, in addition to host tissue (probabilities of 25 - 89%), also POM (8 - 35%) 
and MPB (1 - 45%) made up substantial proportions of the parasites’ diet. These results suggested 
that the copepods are parasitic as well as commensalistic. This study illustrates the usefulness of 
isotope studies to unravel trophic relationships in new parasite-host associations in the course of 
invasions. 
  
Chapter 8 
163 
Introduction 
Predation and parasitism are important trophic interactions that shape ecological communities 
and food webs. The key differences between predators and parasites are their relative size 
compared to their victims (parasite < host and predator > prey) and the number of victims made 
during a life-history stage (one for a parasite, but more than one for a predator; Lafferty and Kuris, 
2002). Additionally, in food webs, predators practically always have a higher trophic position 
than their prey, while the trophic position of parasites can be more complex. Firstly, parasites 
with complex life cycles involving multiple hosts may feed on different trophic levels across 
distinct life cycle stages, making it difficult to determine a single trophic level for all parasite life 
cycle stages (Lafferty et al., 2008). Secondly, some parasites feed on various host tissues and some 
may not feed directly on the host at all, but rather on the host’ stomach contents or specific pre-
digested biochemical compounds (Iken, 2001; Lafferty et al., 2008). Hence, some endoparasites 
living inside a host’s intestine may not necessarily be true parasites living strictly on host tissue, 
but may rather live in a (partial) commensal relationship with their host.  
To address the latter problem, traditionally an analysis of parasite stomach contents was 
used to confirm a parasite-host relationship, but recently stable isotope analysis (SIA) has been 
proven to be a valuable method to determine the trophic position of parasites (e.g., Pinnegar et 
al., 2001; Deudero et al., 2002) and other consumers (e.g., Inger et al., 2006; Dubois et al., 2007). 
This method uses the differences (Δ) between isotopic ratios of naturally occurring stable 
isotopes of nitrogen (δ15N) and carbon (δ13C) between consumers and their diet to reconstruct 
trophic relationships (Post, 2002). The δ13C discrimination factor (Δ13C) is used to determine the 
diet source of carbon (e.g., terrestrial vs marine primary producers; Hobson, 1986), while trophic 
enrichment (Δ15N) is used to estimate the trophic position (Vander Zanden et al., 1997), in which 
a fixed value (also known as the trophic fractionation factor) of 3.4‰ is most commonly used to 
analyse relative species trophic levels (Minagawa and Wada, 1984; Vander Zanden et al., 1997; 
Post, 2002). 
In this study, we analyse the trophic relationship between the invasive endoparasite 
Mytilicola orientalis and its new host in European seas, the native blue mussel Mytilus edulis in the 
Dutch Wadden Sea. This parasitic copepod has been recently co-introduced with imports of the 
invasive Pacific oyster Crassostrea gigas (Elsner et al., 2011) and is known to spill over to native 
bivalves such as blue mussels and to a lesser extent to common cockles (Cerastoderma edulis) and 
Baltic tellins (Limecola (formerly Macoma) balthica; Goedknegt et al., 2017). M orientalis was first 
described in the Sea of Japan (Mori, 1935) and has a direct life cycle with a short non-feeding free-
living stage, after which it lives in the intestines of its host. Here, the parasite is either feeding 
directly on the host tissue or indirectly on host gut content, resulting in a reduction in body 
condition of infected blue mussels (Chapter 7). As the exact diet source of the parasite is yet 
unknown, we performed a SIA to clarify the trophic relationship between the parasite M. 
orientalis and its new blue mussel host. Field samples of mussel hosts and parasites were analysed 
as well as the two principal food sources of mussels, being particulate organic matter and 
microphytobenthos (Dubois et al., 2007). This approach allowed us to determine the relative 
contributions of host tissue and host food to the diet of the invasive copepod and to identify the 
trophic relationship of this new parasite-host association that has resulted from the recent co-
introduction of the copepods with their oyster hosts.  
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Material and methods 
Collection of samples  
Suspended particulate organic matter (POM) samples (n = 17) were collected on the 2nd and 4th 
of July 2013 at nine locations in the subtidal Marsdiep channel (Wadden Sea, The Netherlands, 
Fig. 8.1). At high tide, water from this channel feeds a small intertidal bay in the south of the island 
of Texel (Mok, The Netherlands) and therefore we assumed that POM originating from this 
channel is a major food source for blue mussels (Mytilus edulis) living in this bay where we 
sourced the mussels and parasites for the SIA (Fig. 8.1; see below). At each sampling point, water 
samples were collected with a Niskin bottle from approximately 1 m below the water surface. 
Samples were then sieved through a 200 µm mesh to exclude larger zooplankton from the sample 
and subsequently filtered onto pre-combusted 25 mm GF/F filters using a 25 mm filter cartridge 
mounted on a 60 mL syringe. Between 80 and 250 mL of water was filtered depending on the 
amount of suspended matter in the water column. Filters were then stored at -20 °C until further 
analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.1 Sampling locations of suspended particulate organic matter (POM), microphytobenthos (MPB), 
hosts (Mytilus edulis) and parasites (Mytilicola orientalis). On the microphytobenthos location, four samples 
were taken in an area of approximately 50 m2. POM locations were sampled once (2 locations), twice (6 
locations) or three times (1 location), adding to a total of 17 samples.  
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Microphytobenthos (MPB; n = 4 samples within an area of 50 m2; Fig. 8.1) was sampled 
in the beginning of July 2013 at an intertidal area south of the Marsdiep (Wadden Sea, The 
Netherlands, Fig. 8.1) by collecting sediment from diatom mats into plastic bottles that were put 
on ice and brought to the research facility. Here, the sediment was spread in a tray, covered by 
three layers of nylon mesh (2 x 100 µm, 1 x 50µm) that was kept moist by repeatedly spraying 
filtered seawater on top. The samples were then left in a temperature-regulated room overnight 
at 20°C. The next morning, the algae were washed into a beaker with filtered seawater. This 
solution was centrifuged (10 min at 1000x g) and the remaining pellet was collected and stored 
at -20 °C.  
Blue mussel and parasite (Mytilicola orientalis) samples were collected about three 
months later than the POM and MPB samples (26 September 2013), to cover the minimum time 
it takes for the diet to be incorporated into consumer tissue (Dubois et al., 2007; Phillips et al., 
2014). Mussels (n = 150) were collected from a mixed oyster and mussel bed located in the Mok 
(Fig. 8.1) and checked for presence of M. orientalis parasites under a magnification glass 
(magnification 3 - 8×). Mussels infected with at least two parasites (including at least one big 
female; n = 28 mussels) were selected for the analysis, as a minimum of 0.4 mg dry weight of each 
pooled parasite and corresponding mussel sample (the adductor muscle of the mussel) were 
required for the SIA. Both parasite and matched mussel samples (each n = 28) were then stored 
at -20 °C. 
 
Stable Isotope Analysis (SIA) 
Prior to the SIA, all samples were freeze-dried for 48 hours at -60 °C to remove water content. 
Additionally, as M. orientalis is a crustacean, parasite samples were treated with 1 M HCl to 
remove inorganic carbonate and dried for another 24 h at 60 °C. Isotope ratios of δ15N and δ13C 
in all samples were determined with a Thermo Scientific Delta V Advantage Isotope Ratio Mass 
Spectrometer equipped with a Flash 2000 Organic Element Analyser at the Royal Netherlands 
Institute for Sea Research, Texel, The Netherlands. In addition, mean total nitrogen (TN) and total 
organic carbon content (TOC) were determined for hosts and parasites, but due to logistic 
constraints this was not possible for the POM and MPB samples. 
The standard reference materials Acetanilide (SD: δ15N 0.3‰, δ13C 0.1‰) and Urea were 
respectively used as a correction and control of the isotope ratios found in the samples. Isotope 
ratios of δ15N and δ13C were then expressed as permille (‰) differences from a standard 
reference material using the formula X = (Rsample/Rstandard – 1) * 1000, with R being the ratio 
between the heavy and light isotopes of nitrogen (15N:14N) and carbon (13C:12C). The reference 
material used for 15N was atmospheric nitrogen N2 and for 13C Vienna Peedee-Belemnite 
Limestone (vPDB).  
 
Statistical analysis 
Normality and homoscedasticity of the data were checked with histograms, qqplots and boxplots 
(Zuur et al., 2010). Subsequently, differences in isotope ratios (δ13C and δ15N) among the trophic 
groups (POM, MPB, hosts, parasites) were analysed with ANOVA’s and post-hoc Tukey tests. 
Furthermore, comparisons and relationships between stable isotope data of parasites and 
corresponding hosts (Δ13C and Δ15N) were made using paired Student’s t-tests and Pearson 
correlations, respectively. All statistical analyses were performed with the statistical software 
program R (R Development Core Team, 2015).   
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Mixing models 
The relative contribution of diet sources in the consumers’ diet can be determined by the use of 
stable isotope mixing models (Phillips et al., 2003; Inger et al., 2006). In this study, we used a 
mixing model to determine the relative contributions of host tissue (blue mussel) and host gut 
content (POM, MPB) to the diet of the parasitic copepod M. orientalis. The package simmr (Parnell, 
2016) was used to solve mixing equations for stable isotopic data within a Bayesian framework 
in the software program R (R Development Core Team, 2015). This package allows the use of 
multiple diet sources and with adjustable source specific trophic fractionation factors. In the first 
mixing model, individual δ15N and δ13C values of the parasite samples were used as the consumer 
data. Diet source data included the mean (± SD) δ15N and δ13C values of the sources POM, MPB 
and blue mussel, and were corrected for trophic fractionation. Here, we used the standard trophic 
fractionation factors of 3.4‰ for δ15N and 1.0‰ for δ13C for all diet sources (Minagawa and 
Wada, 1984; Vander Zanden et al., 1997; Post, 2002), as controlled diet studies and thus taxon-
specific fractionation factors are not (yet) available for the parasite. However, δ15N is known to 
scale negatively with trophic level (Caut et al., 2009; Hussey et al., 2014) and since the blue mussel 
is one trophic level higher than the other diet sources (POM and MPB), we carried out a sensitivity 
analysis for the fractionation factor for the blue mussel. We varied the values used for δ15N 
between 1 and 4‰ to determine how much the estimated relative contribution of all diet sources 
changed with the fractionation factor.  
 
Results 
All trophic groups 
Trophic groups differed significantly in δ15N (ANOVA; F3,73 = 588.16, p < 0.001) and δ13C (F3,73 = 
200.41, p < 0.001). Values of δ15N were highest for the parasitic copepod and lowest for POM, 
while for δ13C MPB and POM had the highest and lowest values, respectively (Table 8.1; Fig. 8.2).  
 
Table 8.1 Mean values (± SE) of δ15N (‰) and δ13C (‰) for suspended particulate organic matter (POM), 
microphytobenthos (MPB), the blue mussel host (Mytilus edulis) and its intestinal parasite Mytilicola 
orientalis.  
 
Value POM 
(n = 17) 
MPB 
(n = 4) 
Host 
Mytilus edulis 
(n = 28) 
Parasite  
Mytilicola 
orientalis 
(n = 28) 
δ15N (‰) 5.97 ± 0.21 9.44 ± 0.18 11.42 ± 0.07 12.64 ± 0.07 
δ13C (‰) -21.86 ± 0.28 -15.67 ± 0.09 -18.08 ± 0.06 -17.83 ± 0.07 
TN (%) NA NA 7.99 ± 0.17 7.76 ± 0.18 
TOC (%) NA NA 35.92 ± 0.69 35.18 ± 1.02 
 
Parasites and hosts 
Parasitic copepods were significantly enriched in 15N and 13C ratios relative to their host, the blue 
mussel (Student’s paired t-test; δ15N: t = 11.178, df = 27, p < 0.0001; δ13C: t = 4.0714, df = 27, p < 
0.001; for means see Table 8.1). However, the level of enrichment was relatively small (mean ± 
SD; 1.22 ± 0.58‰ for δ15N and 0.25 ± 0.32‰ for δ13C). This minor enrichment of the parasite in 
relation to its host was not reflected in the differences in mean total nitrogen (TN) and total 
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organic carbon content (TOC) in both tissues (Student’s t-test; TN (%): t = -1.361, df = 27, p = 
0.185; TOC (%): t = -0.741, df = 27, p = 0.465; Table 8.1).  
Furthermore, there was a significant positive correlation for δ13C between host and 
parasite (Pearson correlation, r = 0.63, p < 0.001; Fig. 8.3A), but this relationship did not exist for 
δ15N (r = -0.13, p = 0.509; Fig. 8.3B). Consequently, parasite enrichment scaled negatively with 
the δ15N of the mussel (Pearson correlation, r = -0.75, p < 0.001; Fig. 8.4), while this relationship 
was not significant for δ13C enrichment (r = -0.29, p = 0.130). Finally, there was no relationship 
between the enrichment of the parasite (Δ15N: parasite δ15N – mussel δ15N) and the C:N ratio of 
the mussel (Pearson correlation, r = 0.06, p = 0.743).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.2 Isotope values of δ15N and δ13C with standard errors for suspended particulate organic matter 
(POM), microphytobenthos (MPB), the blue mussel host (Mytilus edulis) and its intestinal parasite 
Mytilicola orientalis.  
 
Furthermore, there was a significant positive correlation for δ13C between host and 
parasite (Pearson correlation, r = 0.63, p < 0.001; Fig. 8.3A), but this relationship did not exist for 
δ15N (r = -0.13, p = 0.509; Fig. 8.3B). Consequently, parasite enrichment scaled negatively with 
the δ15N of the mussel (Pearson correlation, r = -0.75, p < 0.001; Fig. 8.4), while this relationship 
was not significant for δ13C enrichment (r = -0.29, p = 0.130). Finally, there was no relationship 
between the enrichment of the parasite (Δ15N: parasite δ15N – mussel δ15N) and the C:N ratio of 
the mussel (Pearson correlation, r = 0.06, p = 0.743).  
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Fig. 8.3 Relationships of A) δ13C and B) δ15N for the native mussel host Mytilus edulis and the invasive 
parasite Mytilicola orientalis. Each dot represents values for one individual host-parasite pair. Black lines 
indicate the 1:1 relationship.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.4. Relationship between parasite enrichment (Δ15N = parasite δ15N – mussel δ15N) of the invasive 
parasite Mytilicola orientalis and the δ15N of the blue mussel host Mytilus edulis. Each dot represents values 
for one individual host-parasite pair. 
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Mixing model 
In the first mixing model, we used standard trophic fractionation factors of 3.4‰ for δ15N and 
1.0‰ for δ13C for all diet sources (POM, MPB, mussel host). Results of this model showed slightly 
higher proportions for MPB (95% confidence interval; 27- 42%) than for mussel tissue (29-43%) 
and POM (27-33%) in the parasites’ diet. However, when we adjusted the δ15N fractionation 
factor for mussels, the relative contributions of all diet sources changed (Table 8.2; Fig. 8.5). By 
using a fractionation factor of 0-3‰ for δ15N in the mixing model, tissue of the blue mussel host 
became the most important component in the parasites’ diet with a probability that ranged from 
54-96%. Yet, for a fractionation factor of 3.4 or 4‰ for δ15N, the model showed slightly higher 
proportions of MPB (range: 43-60%) in the diet of the parasite relative to blue mussel tissue 
(Table 8.2).  
 
Table 8.2 Results of the sensitivity analysis of the mixing model. The trophic fractionation factor Δ15N was 
in every model set at 3.4 ± 0‰ for POM (particulate organic matter) and MPB (microphytobenthos), while 
this factor was changed manually between 0.0 – 4.0‰ for the host (Mytilus edulis) tissue. The trophic 
fractionation factor Δ13C was in all scenarios set at 1.0 ± 0‰. The table shows the diet proportions (95% 
confidence interval) of each of the three diet sources (host, MPB, POM), the hierarchical order of diet 
proportions in the parasites’ (Mytilicola orientalis) diet and the probabilility of this ordering.  
Trophic fractionation 
factor δ15N (‰) 
Host  
Mytilus edulis (%) 
MPB (%) POM (%) Order Probability 
(%) 
0.0 61-89 1-20 8-21 Host > POM > MPB 96 
1.0 58-84 3-22 12-22 Host > POM > MPB 91 
2.0 43-66 13-32 19-27 Host > POM > MPB 54 
3.0 32-48 24-39 25-32 Host > MPB> POM 64 
3.4 29-43 27-42 27-33 MPB > Host > POM 43 
4.0 25-36 31-45 28-35 MPB > POM > Host 60 
 
Discussion 
Our stable isotope analysis (SIA) showed that the intestinal parasitic copepod Mytilicola orientalis 
is enriched in δ15N and δ13C relative to its blue mussel (Mytilus edulis) host. While the enrichment 
in δ13C was similar to the standard Δ13C discrimination factor of about 1‰, the observed trophic 
enrichment (Δ15N) of 1.2‰ was considerably lower than the standard trophic fractionation 
factor of 3.4‰. As this standard value has been set to distinguish between trophic levels (e.g., 
Minagawa and Wada, 1984; Vander Zanden et al., 1997; Post et al., 2002), our results indicate that 
this intestinal parasite might not only feed on host tissue, but also on host gut content, suggesting 
a complex mix of a parasitic and commensal relationship in this new parasite-host association. 
These findings differ from the results of a stable isotope analysis of a congeneric of M. 
orientalis, the copepod M. intestinalis, which also lives in the intestine of M. edulis. Gresty and 
Quarmby (1991) found δ15N values of the parasite that were, on average, 2.8‰ higher than for 
the blue mussel and suggested a parasitic trophic relationship between the parasite and its host. 
In their study, infected mussels (collection season unknown) were kept in aquaria that were filled 
with estuarine water and mussels were fed with the diatom Phaeodactilym trycornutum 2-3 
weeks prior to dissection, after which the mussel intestine was used in the SIA analysis. 
Therefore, variation in collection season, habitat, food source and analysed tissue could have led 
to differences in trophic fractionation factor between both parasite species. Nevertheless, the 
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feeding behaviour of both congeneric copepods might also be different, but the exact mechanism 
of the consumption of host tissue is for both parasite species not well known. It may be that M. 
intestinalis does not directly feed on host tissue but rather on sloughed-off cells of the intestine 
or on mucus produced by the host so that the parasite only indirectly feeds on the host (Gresty 
and Quarmby 1991). In contrast to M. intestinalis, the much lower trophic enrichment (Δ15N) of 
1.2‰ observed in our study might suggest a more complex mix of a parasitic and commensal 
relationship between M. orientalis and its new host. This was also indicated by the results of the 
isotope mixing modelling, a statistical method that is increasingly used by ecologists (reviewed 
by Phillips et al., 2014). Generally, the results of our mixing models indicated that, in addition to 
host tissue (M. edulis; probabilities of 25 - 89%), suspended particulate organic matter (POM; 8 - 
35%) and microphytobenthos (MPB; 1 - 45%) could make up substantial proportions of the 
parasites’ diet. Both POM and MPB are important food sources for blue mussels (Dubois et al., 
2007).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.5 Comparison of proportions of diet sources in the intestinal parasite Mytilicola orientalis by using 
different mixing models with a varying fractionation factor δ15N (0.0, 1.0, 2.0, 3.0, 3.4 and 4.0‰) for the 
blue mussel Mytilus edulis host. In every model the trophic fractionation factor δ15N for MPB and POM were 
set at 3.4‰, and the trophic fractionation factor of δ13C was set at 1.0‰. 
 
In the present study, mussel diet sources were sampled at other sites (Marsdiep and 
Balgzand) than mussels and parasites (Mok). However, during flood the three areas are tightly 
connected, when water from the North Sea is feeding the intertidal areas of Balgzand and Mok via 
the same deep channel (Marsdiep; Postma, 1954; Duran-Matute et al., 2014). Therefore, we 
assume that POM originating from this channel is incorporated in the mussel and parasite tissue 
2-3 months later (Dubois et al., 2007; Phillips et al., 2014). MPB samples were collected at the 
same time as the POM samples, but on a sampling site located on the tidal flats of Balgzand, on 
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the opposite side of the channel feeding the Mok, where hosts with parasites were sampled. For 
the mixing models, we considered the samples from to Balgzand to be representative for the MPB 
available to the mussels. However, MPB is known to occur in higher abundances in the Mok than 
at Balgzand (4 g C m-2; Borsje, 2006) and both areas are under the influence of different fresh 
water sources, however the exact impact of these discharges on the mussels’ diet is yet unknown. 
Potential differences in the isotopic composition of MPB between the areas may introduce bias in 
our analyses but given the relatively small range of isotope signals observed in MPB in another 
study in the Wadden Sea (M. J. A. Christianen, pers. comm.), we consider the potential bias to be 
minor. Besides spatial differences, seasonality may be another potential factor known to affect 
isotope signals over a wide range of trophic levels (Kang et al., 2006; Cabanellas-Reboredo et al., 
2009; Ezgeta-Balić et al., 2014; de la Vega et al., 2016), and like with fresh water discharge, is 
expected to affect δ15N and δ13C ratios of mussel diet sources, potentially confounding our mixing 
models. However, as we used time spans known to reflect typical tissue incorporation times, 
seasonal affects should not have compromised the results of our mixing models and our general 
conclusion of a mixed feeding mode of the parasites. Over the course of a year, the relative 
contributions of POM, MPB and mussel to the parasites’ diet may of course change with season 
and/or salinity and to what extend this actually happens should be a topic of future studies.  
For mixing models, the use of appropriate discrimination factors is essential (Phillips et 
al., 2014), however the trophic fractionation factor is known to scale negatively with trophic level 
(Caut et al., 2009; Hussey et al., 2014). The results of the mixing model sensitivity analyses, with 
a variety of trophic fractionation factors (1 - 4‰) for mussels, were relatively similar for 
fractionation factors between 1-3‰, with host tissue being the dominant diet source, while 
factors higher than 3‰ (i.e., 3.4 and 4‰) showed a dominance of MPB in the parasites’ diet. 
Therefore, controlled lab experiments are needed to identify the exact diet sources and 
corresponding fractionation factors for the parasite M. orientalis, before accurate and reliable 
predictions of the diet proportions can be made with the use of mixing modelling (Phillips et al., 
2014). That the actual trophic fractionation factor for M. orientalis may differ from the standard 
Δ15N depending on the resource δ15N is also evident from the observed negative scaling of the 
trophic enrichment in M. orientalis with host δ15N. Such a negative scaling relationship has also 
been observed within individual predators and their prey (Caut et al., 2009; Dennis et al., 2010) 
besides the general negative scaling relationship among predator-prey pairs detected in 
comparative studies (Caut et al., 2009; Hussey et al., 2014). However, the underlying mechanisms 
of both scaling relationships are not well understood (Caut et al., 2009; Hussey et al., 2014). In 
the case of M. orientalis, the issue is further complicated by the fact that δ13C values of the parasite 
correlated positively, as expected for a trophic relationship, with those of their hosts, but that, 
surprisingly, this relationship did not exist for δ15N. Here, the variation in δ15N values among 
individual M. orientalis samples was larger than the variation among individual mussels, resulting 
inevitably in a negative scaling relationship between parasite trophic enrichment (Δ15N) and δ15N 
values of hosts. This suggests that M. orientalis might be relatively decoupled from its host 
nitrogen sources. However, why this is the case we can only speculate. Ratios of stable isotopes 
may change between parasite and host due to differential digestion or fractionation during 
assimilation and metabolic processes. For example, the parasite could selectively use alternative 
or depleted nitrogen compounds stored within the mussels (Barret, 1981), or bacteria in the gut 
of the mussel could cause substantial changes in the nitrogen cycle within the host or specialized 
nitrogen turnover processes within the parasite could cause potential decoupling between host 
and parasite. Future experiments will be needed to explore the exact mechanisms behind the 
nitrogen relationship in the new M. orientalis-mussel association. 
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In conclusion, our study indicates that the invasive parasite M. orientalis feeds on tissue 
of its new mussel host, but almost certainly also on the gut content of mussels (particulate organic 
matter and microphytobenthos), given the low trophic enrichment of 1.2‰. This conclusion was 
also supported by isotope mixing modelling results. However, those have been shown to be 
sensitive to the choice of trophic fractionation factors and the actual contribution of host tissue 
to the diet of M. orientalis differed depending on the fractionation factor used. Despite these 
caveats, stable isotope analysis combined with additional mixing models promises to provide a 
useful tool to identify the trophic relationships of new parasite-host associations that result from 
the increasing co-introductions of parasites with their hosts into new ecosystems.  
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Abstract 
Stable isotope analyses are widely used to identify trophic interactions and to determine trophic 
positions of organisms in food webs. While general patterns in the difference in isotopic 
composition between consumers and their diet (discrimination factors) have received much 
interest, comparative studies have mainly focussed on predator-prey relationships and have not 
considered a wider range of trophic interactions. In this phylogenetic comparative study, we 
investigate patterns in Δ13C and Δ15N discrimination factors in parasitic trophic interactions with 
the aim to determine the level of variation of discrimination factors among a wide range of 
parasite species and to identify predictors of discrimination factors in parasitic trophic 
interactions. We compiled a dataset from the published literature on stable isotope 
measurements of δ13C and δ15N in metazoan parasites and their hosts from a diverse array of 101 
parasite-host pairs. Based on these data we calculated Δ13C and Δ15N and used mixed-effects 
models to identify predictors of discrimination factors. There was a large variation in Δ13C and 
Δ15N among parasite species, with no overall sign for significant average trophic depletion or 
enrichment. Both Δ13C and Δ15N discrimination factors scaled negatively with host δ13C and δ15N. 
Apart from significant effects of several taxonomic affiliations of parasites or hosts on Δ13C and 
Δ15N, only ectoparasites, blood feeding parasites and parasites from terrestrial habitats showed 
significant sign of nitrogen enrichment. Our findings suggest that the absence of a universal 
trophic discrimination factor compromises the suitability of the traditional isotope analysis 
framework (using an average δ15N enrichment between trophic levels of about 3.4‰) for the 
study of parasitic trophic interactions. Whether taxon- or trait-specific trophic discrimination 
factors, such as the significant predictors identified in our analysis, can reliably be used as a 
substitute for the conventional Δ15N of 3.4‰ needs to be investigated. Our results further 
indicate the need for a scaled rather than a fixed trophic fractionation factor framework along 
gradients of host δ15N as we identified a negative relationship between host isotopic composition 
and parasite discrimination factors. We hope that our comparative study will help to develop such 
a framework.  
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Introduction 
Trophic interactions are pivotal in driving population dynamics, community structure and the 
functioning of entire food webs (Paine, 1966; Pimm, 1982; McCann, 2011; Hanley and La Pierre, 
2015). As such they have a central place in ecology and have been studied ever since the early 
days of the discipline (McIntosh, 1985). At the base of an understanding of the manifold effects of 
trophic interactions on ecological processes is the knowledge about who eats whom. 
Traditionally, this has been approached by diet studies based on the analysis of gut contents of 
consumers. While this approach is straightforward it has some important limitations as the 
resulting data are usually limited in temporal scope and biased towards identifiable and slowly 
digested resource items (Layman et al., 2012; Traugott et al., 2013). To circumvent such 
limitations, the analysis of naturally occurring stable isotopes has gained increasing popularity 
(Post, 2002; Michener and Lajtha, 2007; Layman et al., 2012). This method makes use of the 
differences (discrimination factor, Δ) between isotopic ratios of naturally occurring stable 
isotopes of carbon (δ13C) and nitrogen (δ15N) between consumers and their resources due to a 
process called isotopic fractionation (Fry, 2006). The difference in δ13C between consumers and 
their diet (Δ13C) is usually used to identify the diet source of carbon (e.g. terrestrial vs marine 
primary producers; Hobson 1986) and the difference in δ15N (trophic enrichment, Δ15N) is used 
to determine trophic position (Vander Zanden et al., 1997). The latter is calculated based on the 
empirically derived average Δ15N (also known as the trophic fractionation factor) between 
consumers and their resources. It is typically assumed in free-living organisms that a Δ15N of 
3.4‰ denotes the difference between one trophic level and the next (Minagawa and Wada, 1984; 
Vander Zanden et al., 1997; Post, 2002). 
Although a fixed trophic fractionation factor is commonly used to determine trophic 
position, the actual values of Δ15N (and also those of Δ13C) vary widely among individual 
consumer-resource relationships (Post, 2002; McCutchan et al., 2003). Based on published data 
on experimentally obtained trophic fractionation factors of consumers, several comparative 
analyses indicate that isotope discrimination factors differ depending on consumer and resource 
taxonomic affiliation (Vander Zanden and Rasmussen, 2001; Vanderklift and Ponsard, 2003; Caut 
et al., 2009), their environment (marine, freshwater, terrestrial; Vander Zanden and Rasmussen, 
2001; Vanderklift and Ponsard, 2003) as well as depending on the type of tissue analysed 
(Vanderklift and Ponsard, 2003; Caut et al., 2009). The general type of diet used by consumers 
(carnivorous, herbivorous or detrivorous; Vander Zanden and Rasmussen, 2001; Vanderklift and 
Ponsard, 2003) as well as their feeding mode (fluid feeders vs. others; McCutchan et al. , 2003) 
may, among others, affect discrimination factors. From a methodological perspective, the 
extraction of lipids prior to the analysis has been shown to affect isotope measurements 
(Sweeting et al., 2006; Bodin et al., 2007). Finally, recent comparative studies have further 
identified a negative scaling of Δ13C and Δ15N discrimination factors with the stable isotope 
composition (δ13C and δ15N) of the resources consumed (Caut et al., 2009; Hussey et al., 2014). As 
δ15N generally scales positively with trophic position, this means that Δ15N discrimination factors 
are not constant within food webs, but instead, decrease with increasing trophic level (Hussey et 
al., 2014). Although the underlying mechanisms of this pattern are not well understood, it has 
important implications for the use of stable isotopes in determining the trophic level of 
consumers as it suggests that a scaled framework of Δ15N discrimination along gradients of 
resource δ15N will be much more appropriate for correct identification of trophic levels of 
consumers within food webs than a fixed trophic fractionation factor (Hussey et al., 2014). 
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Although patterns of isotopic composition and discrimination factors in consumer-
resource interactions in general and their suitability as proxies for trophic position in particular 
have received much interest, comparative studies have so far mainly focussed on predator-prey 
relationships and have not considered a wider range of trophic interactions. Among those are 
parasitic trophic interactions in which parasites are consumers feeding on their hosts as resource. 
There are various classifications of what organisms and life styles fall under the term ‘parasite’,  
ranging from broad definitions including all organisms that have a durable relationship with their 
host from which they gain energetic benefits at the expense of the host (Combes, 2011) to more 
exclusive definitions based on the number of victims attacked (always only one per life-cycle 
stage) and the fitness impacts on victims (Lafferty and Kuris, 2002). For example, while blood-
sucking animals such as mosquitos, leeches, lampreys and vampire bats are considered by some 
authors to be parasites, others classify them as micropredators as they may feed on more than a 
single victim during a life cycle stage (Lafferty and Kuris, 2002). Likewise, sub-categories of the 
term ‘parasite’ have been suggested based on the impact on victims. For example, typical 
parasites (e.g. helminths) feed on a single victim without necessarily killing their hosts, while in 
parasitoids, although also only feeding on a single victim, the death of their host is inevitable for 
the development of the larval stages (Lafferty and Kuris, 2002). Further definitional issues arise 
from the distinction of parasitism from commensalism. While parasites, by definition, have a 
negative effect on their hosts, commensals gain benefits from their hosts but do not affect them 
in a negative or positive way (Begon et al., 2005). Some of these benefits may be nutritional but 
contrary to parasites, commensals do not feed directly on their hosts but rather on leftovers of 
their hosts’ meals so that there is no direct energy transfer from hosts to commensals (Goater  et 
al., 2013).  
As the actual magnitude of impact on the host and the presence or absence of a direct 
energy transfer is not always known, the distinction between a commensal and parasitic life style 
of a given organism can be difficult. In this case, stable isotope analysis has been proposed as a 
useful tool to identify the exact trophic relationship, also because gut content analyses are often 
difficult in the case of minute parasites (e.g. Parmentier and Das, 2004; Becker et al., 2013). Stable 
isotope analysis has also been used to investigate the trophic ecology of typical parasites such as 
helminths for which the parasitic status is not in question (e.g. Deudero et al., 2002; Behrmann-
Godel and Yohannes, 2015). Finally, some studies utilised stable isotope analysis to infer the 
trophic position of parasites in complete food webs (Iken et al. , 2001). In all these cases, inference 
is based on the assumption that the fixed trophic fractionation factor Δ15N of 3.4‰ empirically 
derived from predator-prey studies also holds true for parasitic organisms. However, a first 
qualitative review of the available data suggested that this assumption may not work well for 
parasites as they can be depleted in δ15N compared to their hosts, as well as enriched or be not 
isotopically different from their hosts at all (Lafferty et al., 2008). Likewise, Δ13C seems to show a 
larger variation among parasite-host systems (e.g. Deudero et al., 2002) than the average Δ13C of 
about 1‰ empirically derived from predator-prey systems (DeNiro and Epstein, 1981; Peterson 
and Fry, 1987; France and Peters, 1997) suggests. Although some patterns have started to emerge 
from the literature such as general δ15N depletion in nematodes and cestodes compared to their 
fish hosts (Deudero et al., 2002; Behrmann-Godel and Yohannes, 2015), a quantitative, 
comparative analysis of the variation in Δ13C and Δ15N discrimination factors in parasites with the 
aim to identify factors driving them is missing to date. In addition, it has never been investigated 
whether parasites show the same negative scaling of Δ13C and Δ15N discrimination factors with 
the stable isotope composition (δ13C and δ15N) of their resources as observed in predator-prey 
interactions (Caut et al., 2009; Hussey et al., 2014). This does not only limit our understanding of 
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the generality of this pattern but also compromises a critical evaluation of the suitability of stable 
isotope analysis for studying the trophic ecology of parasite-host interactions. Given the 
increasing interest in the role of parasitic trophic interactions in food web topology and 
energetics (Kuris et al., 2008; Lafferty et al., 2008; Dunne et al., 2013) a quantitative analysis of 
isotope discrimination patterns in parasites is desirable.  
In this study, we compiled a dataset from the published literature on stable isotope 
measurements of δ13C and δ15N in metazoan parasites and their hosts. We used a broad definition 
of parasitism and included all organisms associated with hosts that presumably derived energy 
from these hosts by consuming blood, host tissue, or specific compounds pre-digested by the 
hosts. Hence, we included parasitoids and micropredators as well as typical parasites such as 
helminths. Due to their durable interaction with their hosts, parasite-host interactions constitute 
quasi-experimental settings where the resource (the host) of the consumer (the parasite) is well 
known. Using a phylogenetic comparative approach, we aimed to 1) determine the variation of 
Δ13C and Δ15N isotope discrimination factors between parasites and their hosts, 2) identify 
potential factors affecting Δ13C and Δ15N discrimination factors; and 3) investigate whether the 
negative scaling between resource isotopic composition and isotope discrimination factors 
observed in predator-prey systems also holds true for parasitic trophic interactions. Our analysis 
provides a quantitative framework for identifying patterns in stable isotope discrimination 
factors of parasites and broadens our general understanding of trophic interactions.  
  
Materials and methods 
Dataset compilation 
We compiled a dataset from published studies which reported stable isotope (δ13C and δ15N) 
measurements of metazoan parasites and their respective hosts. A typical study collected hosts 
in the field, sampled parasites from these hosts and analysed the stable isotope composition of 
host and parasite tissue. We employed a broad definition of the term ‘parasite’ which included 
organisms that were presumably deriving energy from their host by feeding on host blood, tissue 
or on specific compounds pre-digested by the host. Besides typical parasites (e.g. helminths) this 
also included organisms sometimes grouped under different categories such as parasitoids and 
micropredators (Lafferty and Kuris, 2002). In addition, we included organisms that were 
presumed by the authors of a study to be deriving energy from their hosts in a parasitic manner 
(e.g. fish living in sea cucumbers) and for which the respective study used stable isotope analysis 
to infer the actual trophic relationship. 
We searched Web of Science for published studies on stable isotope measurements of 
metazoan parasites and their respective hosts using the search string (parasit* AND stable 
isotop*) using a topic search across all years up to 9 March 2016. All 265 papers retrieved were 
initially checked for their potential suitability by their title and abstract. In addition, we screened 
the reference sections of all potentially suitable studies for additional published studies not found 
by Web of Science. From all potentially suitable studies, we only retained those that reported δ13C 
and δ15N measurements for both parasites and their respective hosts, i.e. we omitted studies that 
measured only one of the isotopes (carbon or nitrogen) or only host or parasite tissue. In addition, 
to be included in our analysis, isotope ratio measurements had to be based on at least two 
replicate parasite and host samples. Finally, parasites had to be clearly associated with the 
respective host, i.e. parasitic organisms such as lampreys which were collected free-living 
without a specific association to a host were excluded. 
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From all 35 articles that met the inclusion criteria, we retrieved the name and taxonomic 
affiliation of the host (arthropods, birds, cnidarians, echinoderms, fish, lophotrochozoans 
(polychaetes & bivalves), mammals) and the parasite species (major taxa: arthropods, helminths, 
lophotrochozoans (polychaetes & bivalves), vertebrates; within arthropods: arachnids, copepods, 
dipterans, fleas, hymenopterans, hyperiid amphipods, isopods, lice; within helminths: cestodes, 
nematodes, trematodes). We also noted the general environment from which hosts were sampled 
(terrestrial, freshwater, marine), the habitat of the parasites on or in their hosts (endoparasitic, 
ectoparasitic, gills) as well as their feeding mode (blood vs. other). While for parasites whole body 
samples were usually used, host isotope measurements were usually based on specific host 
tissues (in 26 of the 35 studies). In most cases, particularly for fish hosts, this was muscle tissue. 
However, some studies reported isotope values from several alternative host tissues. In the case 
of fish hosts, we followed the general choice of authors to use (white) muscle tissue as the 
reference for analyses in all but a few cases where specific other tissues were used by authors 
reflecting the location of a parasite on its host and its known feeding mechanism (e.g. heart 
instead of white muscle as reference for blood feeding gnathiid isopods). We followed the same 
procedure for all other host types where several tissues were investigated and used the putative 
host tissues utilised by a parasite based on the information given by the respective authors. 
For each parasite-host combination, we retrieved the mean δ13C and δ15N stable isotope 
ratios for the parasite and its host from the text or tables in the respective publication. If data 
were only available in form of graphs, we used the software ImageJ to extract the data (average 
of two readings). In cases were sampling took place in several seasons or at several localities, we 
used average values for each parasite-host combination. For all isotope measurements, we noted 
whether lipid extraction was done prior to the analyses. In addition, we noted the number of 
replicate measurements per parasite and host. We noted here that while host replicates were 
always based on single individuals, parasite individuals from a host were pooled in some studies 
to generate enough material for isotope measurements (in 34 of the 101 parasite-host pairs 
included in our study). Thus, a parasite ‘replicate’ included multiple parasite individuals in those 
studies. 
For the entire data acquisition process we used a validation procedure as follows: DWT, 
MAG and TK developed the database configuration and inclusion criteria. DWT conducted the 
initial data compilation which was independently validated by MAG. Any inconsistencies were 
discussed among DWT, MAG and TK. 
 
Phylogenetic comparative analyses 
Prior to the analysis, we calculated carbon and nitrogen discrimination factors (Δ 13C and Δ15N, 
respectively) from the mean δ13C and δ15N of parasites and hosts by subtracting the δ13C or δ15N 
of the host from the respective δ13C or δ15N of a parasite. The resulting discrimination factors 
from different studies were unweighted with respect to the sample size. We considered this to be 
appropriate because the exact meaning of a ‘replicate’ differed among studies as aforementioned. 
Nonetheless, the use of unweighted means is unlikely to be a source of bias (Morrissey, 2016).  
Phylogenetic comparative analyses were carried out in R 3.3.1 (R Development Core 
Team, 2016). We used the MCMCglmm package (Hadfield, 2010) to account for correlated 
structures arising from study identity, species identity and host phylogenetic relationships by 
including these factors as random terms in mixed effects models.  
A host topological phylogenetic tree was included to control for shared evolutionary 
histories of host species (Harvey and Pagel, 1998). In multi-species ecological studies, species 
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share a different amount of evolutionary history with one another. To correct for such non-
independence, the expected co-variation between species can be modelled, as a random factor, 
using a correlation matrix derived from a phylogeny (Hadfield and Nakagawa, 2010; Nakagawa 
and Santos, 2012). The phylogeny tree was generated using an online phylogenetic tree 
generator, phyloT (http://phylot.biobyte.de/), which constructed a composite tree based on data 
from the National Centre for Biotechnology Information (NCBI) taxonomy database. Parasite 
phylogeny was not integrated in the analysis because molecular phylogenies of many parasites 
are unresolved and because a number of studies did not report parasite species names. The host 
phylogenetic tree was converted to an ultrametric tree using Hadfield and Nakagawa (2010) 
which is based on phylogenetic models assuming the Brownian motion model of evolution. Using 
this package, generalised linear mixed models were fitted using a Markov chain Monte Carlo 
(MCMC) algorithm with a weakly informative prior (V = 1, nu = 0.002; where V is variance and nu 
is the degree of belief parameter). This method samples from a posterior distribution and 
provides the mean and credible intervals of that distribution. In any case where the 95% credible 
interval does not cross zero the difference is considered significant. 
We employed a null intercept model to estimate the overall trend of the discrimination 
factors. Then, a series of models with a single predictor as fixed effects were employed to identify 
predictors of the discrimination factor including parasite and host taxonomic affiliation, host 
isotopic value, general environment (marine, freshwater, terrestrial), parasite habitat on the host 
(ectoparasitic, endoparasitic, gills), feeding mode (blood vs. other) and lipid extraction prior to 
analysis (yes vs. no). 
 
Results 
The final dataset consisted of 35 studies providing 101 effect sizes based on δ13C and δ15N 
measurements from a diverse array of parasite-host pairs from marine (61 pairs), freshwater 
(20) and terrestrial (20) ecosystems (for dataset see Supplementary Table S9.1). The majority of 
host species were fish (51 parasite-host pairs), followed by mammals (13), birds & arthropods 
(both 9), lophotrochozoans (polychaetes & bivalves; 8), and cnidarians & echinoderms (both 7). 
Most parasite species in the dataset were arthropods (50 parasite-host pairs), followed by 
helminths (41), and lophotrochozoans (polychaetes & bivalves) & vertebrates (both 5). In the 
following, we present the results of the analyses separately for Δ13C and Δ15N. 
 
Patterns in Δ13C discrimination factors 
The Δ13C discrimination factors between parasites and their hosts ranged widely from evidence 
for strong depletion to strong enrichment of δ13C in parasites compared to their hosts (Fig. 9.1A). 
The average estimated Δ13C discrimination factor reported in the literature was -0.214 but 
parasites showed neither a significant enrichment nor depletion in δ13C compared to their 
respective hosts (N = 101, posterior mean = -0.214, CI =-1.197 to 0.851; Fig. 9.1A; Supplementary 
Table S9.2).  
Most of the parasite-related predictors investigated (parasite taxon, general 
environment, habitat on the host or feeding mode) did not significantly explain the variation in 
Δ13C (Supplementary Table S9.2). Likewise, methodological variables, namely sample size and 
lipid extraction prior to isotope analysis, did not affect Δ13C (Supplementary Table S9.2). In 
Discrimination factors in parasitic trophic interactions 
182 
general, the 95% confidence intervals intersected widely with zero in most cases, indicating large 
variation of discrimination factors within the different predictors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.1 Frequency distribution of A) Δ13C and B) Δ15N discrimination factors (calculated as δ13C or δ15N 
of a parasite minus the respective δ13C or δ15N of the host) observed in studies comparing isotopic values 
of parasites and their respective hosts. N = 101 parasite-host pairs. 
 
 
The only two predictors with the 95% confidence intervals not intersecting zero were 
echinoderm hosts and the δ13C value of the host. Parasites from echinoderm hosts showed a 
significant depletion in δ13C compared to their hosts (N = 7, posterior mean = -3.360, CI = -5.5123 
to -1.2094; Fig. 9.2A; Supplementary Table S9.2). The δ13C value of the host had a significantly 
negative effect on Δ13C (N = 101, posterior mean = -0.573, CI = -0.976 to -0.103; Supplementary 
Table S9.2), resulting from a negative relationship between the host isotopic δ13C and the isotope 
discrimination in the respective parasite (Fig. 9.3A). 
 
Patterns in Δ15N discrimination factors 
As for Δ13C discrimination factors, the Δ15N discrimination factors of parasites reported in the 
literature ranged widely from strong depletion to strong enrichment of δ15N in parasites 
compared to their hosts (Fig. 9.1B). On average, however, parasites showed a tendency for 
enrichment in δ15N compared to their respective hosts (Fig. 9.1B), with the estimated mean Δ15N 
being 1.179, but this was not statistically significant with the 95% confidence interval 
intersecting zero (N = 101, posterior mean = 1.179, CI = -0.213 to 2.438; Supplementary Table 
S9.3). 
In contrast to Δ13C, the mixed models identified more statistically significant predictors of 
Δ15N isotope discrimination factors (Supplementary Table S9.3). Regarding host taxonomic 
affiliation, parasites from arthropod (N = 9, posterior mean = 2.867, CI = 0.502 to 5.457) and 
echinoderm hosts (N = 7, posterior mean = 3.704, CI = 0.284 to 7.221) showed a significant sign 
of enrichment in δ15N compared to their hosts Fig. 9.2B; Supplementary Table S9.3). Regarding 
parasite taxonomic affiliation, the average Δ15N values were positive in parasitic arthropods (N = 
50, posterior mean = 1.741, CI = 0.216 to 3.317) and parasitic vertebrates (N = 5, posterior mean 
= 5.278, CI = 2.573 to 8.295), however were not significantly different from zero in the other 
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parasitic groups (Fig. 9.4; Supplementary Table S9.3). Within parasitic arthropods, a significant 
sign of enrichment was found in arachnids (mites and ticks; N = 2, posterior mean = 5.828, CI = 
2.347 to 9.184), fleas (N = 6, posterior mean = 2.899, CI = 0.04 to 5.854) and lice (N = 6,  posterior 
mean = 3.443, CI = 0.345 to 6.567; Fig. 9.5). Within helminths, cestodes showed a significant 
depletion in δ15N compared to their hosts (N = 14, posterior mean = -2.017, CI = -4.007 to -0.080; 
Fig. 9.6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.2 Effect of host taxonomic affiliation on A) Δ13C and B) Δ15N discrimination factors. Δ13C was 
significantly negative in parasites from echinoderm hosts (N = 7) and Δ15N was significantly positive in 
parasites from arthropod (N = 9) and echinoderm hosts (N = 7) as denoted by asterisks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.3 Relationship between A) host δ13C and Δ13C and B) host δ15N and Δ15N. The lines show significant 
regressions from mixed models (carbon: y=-0.5731x-0.2443; nitrogen: y=-1.18843x+0.9687). 
Discrimination factors in parasitic trophic interactions 
184 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.4 Effects of parasite taxonomic affiliation on trophic enrichment Δ15N. Discrimination factors were 
significant for parasitic arthropods (N = 50) and parasitic vertebrates (N = 5) as denoted by asterisks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.5 Effects of parasite taxonomic affiliation within the arthropod group on trophic enrichment Δ15N. 
Discrimination factors were significant for parasitic arachnids (N = 2), fleas (N = 6) and lice (N = 6) as 
denoted by asterisks. 
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Fig. 9.6 Effects of parasite taxonomic affiliation within the helminth group on trophic enrichment Δ15N. 
Discrimination factors were significantly negative cestodes (N = 14). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.7 Effects of general environment (marine, freshwater, terrestrial) on trophic enrichment Δ15N. 
Discrimination factors were significantly positive for terrestrial habitats (N = 20) as denoted by asterisk. 
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Fig. 9.8 Effects of parasite habitat on their host (ectoparasitic, endoparasitic, gills) on trophic enrichment 
Δ15N. Discrimination factors were significantly positive for parasites from ectoparasitic habitats on hosts 
(N = 31) as indicated by asterisk. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.9 Effect of parasite feeding mode (blood or other) on trophic enrichment Δ15N. Discrimination 
factors were significantly positive for parasites feeding on blood (N = 26) as indicated by an asterisk. 
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The Δ15N discrimination factors were also affected by the general environment from which 
parasite-host pairs were sampled, with parasite from terrestrial habitats showing significantly 
positive Δ15N discrimination (N = 20, posterior mean = 2.57, CI = 0.529 to 4.646; Fig. 9.7). 
Furthermore, ectoparasites showed a significant sign of enrichment (N = 31, posterior mean = 
3.014, CI = 1.307 to 4.928; Fig. 9.8). In addition, blood feeding parasites showed a positive Δ15N 
discrimination (N = 26, posterior mean = 2.359, CI = 0.625 to 4.238; Fig. 9.9). Finally, as for Δ13C, 
the Δ15N discrimination factors of parasites scaled negatively with the δ15N isotope composition 
of the host (N = 101, posterior mean = -0.346, CI = -1.814 to -0.557; Fig. 9.3B). 
 
Discussion 
Our analysis revealed a large variation in Δ13C and Δ15N isotope discrimination factors among the 
parasite species included in the analysis, with no overall sign for significant depletion or 
enrichment. A closer look at potential predictors showed that both Δ13C and Δ15N discrimination 
factors scaled negatively with host δ13C and δ15N. Apart from significant effects of several 
taxonomic affiliations of parasites or hosts on Δ13C and Δ15N, only ectoparasites, blood feeding 
parasites and parasites from terrestrial habitats showed significantly positive average Δ15N. 
The absence of a significant average enrichment of parasites in δ13C and δ15N compared 
to their hosts contrasts with the typical enrichment observed in predatory trophic interactions 
where predators show an average trophic fractionation of Δ15N of 3.4‰ (Minagawa and Wada, 
1984; Vander Zanden et al., 1997; Post, 2002) and an average Δ13C of about 1‰ (DeNiro and 
Epstein, 1981; Peterson and Fry 1987; France and Peters, 1997). In contrast, we found averages 
of Δ15N and Δ13C of 1.793 and -0.214, respectively. This contrasting pattern compared to free-
living species may have several explanations and has generally some important implications. The 
lack of a general support for enrichment in δ13C and δ15N of parasites compared to their hosts 
may suggest that many parasite species included in the analysis are actually not parasites but 
rather commensals not feeding on their hosts. For some species, this may be true. For example, 
the stable isotope analyses conducted with some pearlfish species living inside sea cucumbers or 
starfish suggest rather a commensal than a parasitic lifestyle, although the expectation given the 
natural history of the species suggested otherwise (Parmentier and Das, 2004). However, for 
most of the parasite species in the database their parasitic status is not in question as they belong 
to typical parasitic taxa such as helminths, fleas, lice, parasitoids etc. that are  known to feed on 
their hosts. Nevertheless, most of these typical parasitic taxa showed large variation in 
discrimination factors, ranging from negative to positive Δ13C and Δ15N. Only a few parasite taxa 
showed significant enrichment in δ15N compared to their hosts while one taxon, the cestodes, 
even showed significant depletion. This suggests that the average discrimination factors observed 
in predatory trophic interactions (Δ15N of 3.4‰ and Δ13C of 1‰) may not hold true as a general 
rule for parasites. The reasons for the deviating fractionation patterns in parasites most likely 
relate to their feeding ecology. Although feeding on their hosts, parasites may differ from 
predators in metabolic processes and they may often feed only on specific host tissues or on 
specific compounds pre-digested by the host rather than on the entire host. For example, most 
helminths have only limited ability to biosynthesise amino acids (Köhler and Voigt, 1988) and 
thus many endoparasites absorb 15N-depleted amino acids from the intestines of their hosts 
(Barrett, 1981; Hare et al., 1991). In addition, they can often also re-utilise 15N-depleted ammonia 
that they have excreted or taken up from host blood to synthesize amino acids (Barret, 1981). 
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These metabolic pathways can lead to lower isotope discrimination than observed in predators 
and can even lead to the significant depletion in δ15N of cestodes compared to their hosts as 
observed in our analysis. Likewise, if parasites selectively feed on specific host tissue or host 
blood which is relatively depleted in 15N this may lead to lower isotope fractionation factors than 
observed in predators which usually consume their prey as a whole. Selective feeding may also 
affect Δ13C discrimination factors. Host tissues with high lipid content are usually 13C-depeleted 
relative to other tissues (Focken and Becker, 1998; Pinnegar and Polunin, 1999; Pinnegar et al., 
2001) so that selective feeding on these tissues (e.g. blood, liver) may lead to lower Δ13C 
discrimination than in predators. Whatever the detailed mechanisms behind the deviating 
fractionation patterns in parasites, the large variation in discrimination factors and the absence 
of a universal average enrichment of parasites in δ13C and δ15N compared to their hosts suggests 
that the traditional framework of isotope fractionating patterns developed based on predatory 
trophic interactions is not suited to determine the trophic positions of parasites.  
While no overall enrichment or depletion patterns in discrimination factors were 
observed, the mixed-effects models identified several host and parasite taxonomic affiliations to 
be significant predictors of Δ13C and Δ15N. In the case of Δ13C, only parasites from echinoderm 
hosts showed a significant depletion in δ13C compared to their hosts but no other host or parasite 
taxonomic affiliation had a significant effect on Δ13C. In the case of Δ15N, parasite from arthropod 
and echinoderm hosts had a significantly positive Δ15N. Parasites of arthropods consisted of 
hymenopterans (parasitoids) and arachnids (mites), with the latter showing a significant positive 
Δ15N, thus potentially confounding the effect of host taxonomic affiliation. Likewise, confounding 
effects may be present in parasites from echinoderm hosts which mainly consisted of parasitic 
fish which themselves made up the majority of the vertebrate parasite category showing a 
significant positive Δ15N. However, isotope enrichment between some fish species and their 
presumed echinoderm hosts was so high, that they may be functionally commensals, using the 
echinoderms as protective habitat but feeding elsewhere (Parmentier and Das, 2004). Further 
significant positive enrichment of parasites in δ15N compared to their hosts was observed in 
arthropods, mainly driven by significant enrichment in arachnids (mites & ticks), fleas and lice, 
although inference is limited due to low sample size (N = 2-6). In contrast, a significant depletion 
of δ15N compared to hosts was observed in cestodes. While the latter probably results from the 
specific metabolic pathways of cestodes (see above), all enriched parasite taxa are known to feed 
on host blood or tissues and this seems to lead to enrichment patterns that resemble the ones 
observed in predatory trophic interactions. Interestingly, hymenoptera (parasitoids) and other 
typical parasitic such as trematodes and nematodes did now show significant average 
discrimination factors. Nematodes have earlier been described to be depleted in δ15N compared 
to their hosts (Pinnegar et al., 2001; Deudero et al., 2002), but our analysis indicates that this does 
not seem to hold true in general for all nematode-host interactions. For other taxa, such as 
trematodes, the absence of a universal isotope enrichment pattern has previously been noted and 
ascribed to the specific metabolic pathways of helminths as described above (Dubois et al. , 2007). 
In addition, differences in isotope discrimination patterns among life cycle stages of trematodes 
may blur an overall pattern. For example, while sporocysts, rediae and cercarial stages of 
trematodes in their first intermediate hosts do not show much trophic enrichment (Dubois et al. , 
2007; Yurlova et al., 2014), trophic enrichment may occur in the next metacercarial stage 
(Yurlova et al., 2014). Such mediating effects of life cycle stages on isotope discrimination may 
also occur in other parasite taxa but the available data were too limited to formally include this 
in our analysis. 
Chapter 9 
189 
Further confounding of discrimination factors may result from methodological issues that we 
were unable to disentangle in our analysis. While parasite species were usually analysed as a 
whole in the studies included in our analysis, only specific tissues were usually sampled from 
hosts. The stable isotope composition often differs among tissues of the same individual (DeNiro 
and Epstein, 1981; Hobson and Clark, 1992; Caut et al., 2009), thus the specific host tissue used 
as reference will inevitably affect the calculation of discrimination factors. Hence, in the case that 
parasites feed on other host tissues than used for the analyses, this may lead to distorted 
magnitudes of isotope discrimination. This general methodological issue further illustrates the 
difficulties in using the classic stable isotope analysis framework to study the trophic ecology of 
parasites and this aspect needs careful consideration in isotopic studies on parasitic trophic 
interactions. 
In addition to the significant effects of several parasite taxonomic groups on Δ 15N, the 
mixed-effects models identified several other significant predictors. Parasites from terrestrial 
habitats showed significantly positive trophic fractionation factors (Δ15N) while parasites from 
freshwater and marine habitats did not. This may reflect earlier suggestions regarding predatory 
trophic interactions that terrestrial organisms may show larger trophic enrichment than aquatic 
organisms due to the predominance of ammonia excretion in the latter resulting in lower 
discrimination factors (Ponsard and Averbuch, 1999). However, the difference in nitrogen 
excretion among environments is much less distinct in parasites as many terrestrial 
endoparasites also excrete ammonia (Barrett, 1981). The observed difference may result from 
the fact that most of the parasite taxa that showed a significant trophic enrichment (arachnids, 
fleas and lice) are terrestrial taxa and may thus confound the terrestrial category in our analysis. 
Another significant predictor of Δ15N was the habitat of parasites on their hosts. Ectoparasites 
and parasites living on the gills of fishes showed significantly positive average discrimination 
factors, while endoparasites neither showed a depletion nor an enrichment in δ15N compared to 
their hosts. This may, at least in part, be related to the feeding mode of parasites which was 
another significant predictor identified by the mixed models. Parasites feeding on host blood 
showed a significantly positive trophic enrichment while parasites feeding on other tissues such 
as live or dead host tissue, compounds pre-digested by the host or a mix of those did not show a 
significant trophic enrichment. Blood-feeding parasites dominated in ectoparasites and this may 
underlie the observed positive discrimination factors in these groups. The observed variation in 
Δ15N isotope discrimination factors among parasite taxonomic affiliations and the presence of 
several significant predictors suggest that using a fixed discrimination factor derived from 
predatory trophic interactions to infer trophic position of parasites is not appropriate. Whether 
specific trophic discrimination factors can be used for individual parasite taxa, environments, 
habitats on hosts or feeding modes will need more research on the trophic ecology of parasites 
and the mechanisms driving trophic fractionation patterns between parasites and their hosts. 
Besides being affected by some categorical predictors, discrimination factors of both Δ 13C 
and Δ15N scaled negatively with host δ13C and δ15N, i.e. parasite species feeding on hosts with a 
relatively low isotope ratio showed larger isotope discrimination factors than parasites feeding 
on hosts with relatively high δ13C and δ15N. The same pattern of a decrease in isotope 
discrimination factors with resource δ13C and δ15N has been observed in comparative analyses 
on predatory trophic interactions (Caut et al., 2009; Hussey et al., 2014) as well as in studies of 
specific predator-prey interactions (Caut et al., 2008; Dennis et al., 2010). A comparison of the 
slopes observed in predatory trophic interactions (Caut et al., 2008: C: -0.113 to -0.417, N: -0.141 
to -0.311; Hussey et al., 2014: N: -0.27) with the ones observed in our study (C: -0.573, N: -1.188) 
indicates that the relationship seems even tighter for parasites. The underlying mechanism of the 
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pattern observed in predatory trophic interactions is not well understood (Caut et al., 2009; 
Hussey et al., 2014) but the fact that our analysis identified the same negative scaling suggests 
that it may be a universal pattern in trophic interactions that may be driven by similar 
mechanisms. Whatever the underlying mechanism, the observed negative scaling of 
discrimination factors has important consequences as it suggests that the classic framework to 
use a constant trophic fractionation factor to determine trophic position (Minagawa and Wada, 
1984; Vander Zanden et al., 1997; Post, 2002) may not only be inappropriate for predatory 
trophic interactions (Caut et al., 2009; Hussey et al., 2014) but also for parasites. This further 
complicates the potential use of stable isotopes to study the trophic ecology of parasites and more 
research into the factors mediating trophic fractionation in parasites and predators is needed to 
develop a universal scaled framework of Δ15N discrimination along gradients of resource δ15N to 
enable an appropriate identification of trophic positions of consumers within food webs.  
In conclusion, our comparative analysis suggests that the large variation in Δ13C and Δ15N 
isotope discrimination factors observed among parasite species and the absence of a typical 
universal trophic discrimination factor, as previously identified in predatory trophic interactions, 
compromises the suitability of the traditional framework of isotope fractionation patterns in 
studying parasitic trophic interactions. Whether taxon- or trait-specific trophic fractionation 
factors such as the significant predictors identified in our analysis can reliably be used as 
substitute for the conventional Δ15N of 3.4‰ will need further studies. In addition, the negative 
scaling between parasite Δ15N and host δ15N observed in our analysis suggests the need for a 
scaled (rather than a fixed trophic fractionation factor) framework of Δ15N discrimination along 
gradients of host δ15N for the appropriate identification of trophic positions of parasitic 
consumers within food webs. We hope that our study will spark future research into the patterns 
and mechanisms of trophic fractionation in parasitic trophic interactions with the aim to develop 
a holistic framework of isotope fractionation patterns in trophic interactions that appropriately 
integrates parasitic and other trophic interactions. 
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Supplementary material 
Table S9.1. Abbreviated dataset with the host habitat, host taxa, host species, parasite taxa, parasite 
species, parasite habitat, feeding type, carbon discrimination factor, nitrogen discrimination factor, lipid 
extraction (Yes (Y) / No (N)), pooling of parasite samples (Yes (Y) / No (N)) and the respective reference 
to the literature (reference list can be find below the table).     
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Marine Cnidarians Anthoptilum 
grandiflorum 
Copepods Lamippe 
bouligandi 
Endo Other -1.8 2.1 N Y 1 
Marine Cnidarians Halipteris 
finmarchica 
Copepods Corallovexiidae Endo Other -2 2.3 N Y 1 
Freshw. Fish Perca 
fluviatilis 
Copepods Neoergasilus 
japonicus 
Ecto Other -0.5 3.7 N N 2 
Freshw. Fish Rutilus  
rutilus 
Copepods Neoergasilus 
japonicus 
Ecto Other 0.1 6.4 N N 2 
Marine Polychaeta Escarpia 
laminata 
Polychaetes Protomystides 
sp. 
Endo Other 1.08 2.62 N N 3 
Freshw. Fish Esox 
 lucius 
Cestodes Triaenophorus 
nodulosus 
Endo Other 2.25 -0.32 Y N 4 
Freshw. Fish Perca 
fluviatilis 
Cestodes Triaenophorus 
nodulosus 
Endo Other -2.17 -0.79 Y Y 4 
Terres. Mammals Oryctolagus 
cuniculus 
Fleas Spilopsyllus 
cuniculi 
Ecto Blood -1.02 4.59 N N 5 
Terres. Mammals Oryctolagus 
cuniculus 
Cestodes Cittataenia 
enticulata 
Endo Other -1.32 -2.2 N N 5 
Terres. Mammals Oryctolagus 
cuniculus 
Cestodes Mosgovoyia 
pectinata 
Endo Other -3.66 -3.26 N N 5 
Terres. Mammals Oryctolagus 
cuniculus 
Nematodes  Graphidium 
strigosum 
Endo Other 1.72 4.44 N N 5 
Marine Fish Salmo  
salar 
Copepods Lepeophtheirus 
salmonis 
Ecto Blood 1.78 1.62 N N 6 
Terres. Mammals Desmodus 
rotundus 
Diptera Trichobius 
parasiticus 
Ecto Blood -3.89 0.93 Y Y 7 
Terres. Mammals Otaria 
flavescens 
Vampire 
bats  
Desmodus 
rotundus 
Ecto Blood 3.4 3.07 Y N 7 
Terres. Insecta Pericoptus 
truncatus 
Mites Mumulaelaps 
ammochostos 
Ecto Other -0.7 7.6 N Y 8 
Marine Fish Oncorhynchus 
gorbuscha 
Copepods Lepeophtheirus 
salmonis 
Ecto Blood 0.59 2.82 N N 9 
Marine Fish Haemulon 
flavolineatum 
Isopods Gnathia  
marleyi 
Ecto Blood -0.1 -0.4 N N 10 
Marine Fish Haemulon 
flavolineatum 
Isopods Anilocra 
haemuli 
Ecto Blood 0 1.7 N N 10 
Marine Fish Holocentrus 
adscenscionis 
Isopods Anilocra 
holocentri 
Ecto Blood 0.4 -0.4 N N 10 
Marine Fish Stegastes 
diencaeus 
Isopods Gnathia  
marleyi 
Ecto Blood 0.1 0.2 N N 10 
Freshw. Fish Phoxinus 
phoxinus 
Bivalves Unio  
crassus 
Gills Other -0.04 0.8 Y N 11 
Freshw. Fish Salmo  
trutta 
Bivalves Margaritifera 
margaritifera 
Gills Other 1.09 -1.04 Y N 11 
Marine Fish Platichthys 
flesus 
Copepods Lepeophtheirus 
pectoralis  
Ecto Blood 0.11 -0.22 N N 12 
Freshw. Fish Rutilus  
rutilus 
Cestodes Ligula 
intestinalis  
Endo Other -0.43 -1.42 N N 12 
Marine Fish Clupea 
harengus 
Nematodes  NA Endo Other -0.34 -1.75 N N 12 
Marine Fish Eutrigla 
gurnardus 
Nematodes  NA Endo Other -3.02 -1.79 N N 12 
Marine Fish Eutrigla 
gurnardus 
Nematodes  NA Endo Other -0.89 -2.44 N N 12 
Marine Fish Eutrigla 
gurnardus 
Nematodes  NA Endo Other -1.9 -1.44 N N 12 
Marine Fish Gadus 
morhua 
Nematodes  NA Endo Other -0.39 -1.6 N N 12 
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Marine Fish Gadus 
morhua 
Nematodes  NA Endo Other 2.77 0.94 N N 12 
Marine Fish Helicolenus 
dactylopte-
rus 
Nematodes  NA Endo Other 0.61 -3.27 N N 12 
Marine Fish Merlangius 
merlangus 
Nematodes  NA Endo Other -2.91 -6.34 N N 12 
Marine Fish Merlangius 
merlangus 
Nematodes  NA Endo Other -2.14 -4.25 N N 12 
Marine Fish Merlangius 
merlangus 
Nematodes  NA Endo Other -1.65 -6.73 N N 12 
Marine Fish Merlangius 
merlangus 
Nematodes  NA Endo Other -1.12 -5.92 N N 12 
Marine Fish Merlangius 
merlangus 
Nematodes  NA Endo Other -2.02 -5.24 N N 12 
Marine Fish Merlangius 
merlangus 
Nematodes  NA Endo Other -1.35 -4.64 N N 12 
Marine Fish Merlangius 
merlangus 
Nematodes  NA Endo Other -1.55 -3.47 N N 12 
Marine Fish Platichthys 
flesus 
Nematodes  NA Endo Other -1.19 -1.67 N N 12 
Marine Fish Platichthys 
flesus 
Nematodes  NA Endo Other -0.85 -1.1 N N 12 
Marine Fish Sprattus 
sprattus 
Nematodes  NA Endo Other -1.69 -2.06 N N 12 
Marine Fish Gadus 
morhua 
Copepods Lernaeocera 
branchialis  
Gills Blood -2.39 -0.82 N N 12 
Marine Fish Melanogram-
mus 
aeglefinus 
Copepods Lernaeocera 
branchialis  
Gills Blood -0.62 1.1 N N 12 
Marine Fish Merlangius 
merlangus 
Copepods Lernaeocera 
branchialis  
Gills Blood -1.55 -2.61 N N 12 
Marine Fish Merlangius 
merlangus 
Copepods NA Gills Blood -1.97 -5.82 N N 12 
Marine Fish Merlangius 
merlangus 
Copepods Clavella adunca  Gills Other -4.06 -4.23 N N 12 
Freshw. Insecta Pteronarcys 
biloba 
Diptera Nanocladius sp. Ecto Other 0.7 3.6 N Y 13 
Marine Mollusca Cerastoderma 
edule 
Trematodes  Labratrema 
minimus 
Endo Other -0.3 0.6 N N 14 
Marine Mollusca Cerastoderma 
edule 
Trematodes  Monorchis 
parvus 
Endo Other -0.6 0.3 N N 14 
Freshw. Fish Gasterosteusa
culeatus 
Cestodes Schistocephalus 
solidus 
Endo Other -0.4 -2.2 N N 15 
Freshw. Fish Pungitius 
pungitius 
Cestodes Schistocephalus 
pungitii 
Endo Other 0.3 -2 N N 15 
Marine Cnidarians Aurelia  
aurita 
Amphipods Hyperia  
galba 
Endo Other -0.5 1.6 N N 16 
Marine Cnidarians Cyanea 
capillata 
Amphipods Hyperia  
galba 
Endo Other 1 -1 N N 16 
Marine Cnidarians Cyanea 
lamarckii 
Amphipods Hyperia  
galba 
Endo Other 0.2 0.8 N N 16 
Freshw. Fish Micropterus 
salmoides 
Bivalves Lampsilis 
cardium 
Gills Other 0.49 1.76 N N 17 
Marine Birds Calonectris 
borealis 
Fleas Xenopsylla 
gratiosa 
Ecto Blood 0.78 2.77 N Y 18 
Marine Birds Calonectris 
diomedea 
Fleas Xenopsylla 
gratiosa 
Ecto Blood 1.26 2.87 N Y 18 
Marine Birds Calonectris 
borealis 
Lice Halipeurus 
abnormis 
Ecto Other -0.53 3.27 N Y 18 
Marine Birds Calonectris 
borealis 
Lice Austromenopon 
echinatum 
Ecto Other -0.52 2.27 N Y 18 
Marine Birds Calonectris 
borealis 
Lice Saemundssonia 
peusi 
Ecto Other 0.07 3.23 N Y 18 
Marine Birds Calonectris 
diomedea 
Lice Halipeurus 
abnormis 
Ecto Other 0.67 4 N Y 18 
Marine Birds Calonectris 
diomedea 
Lice Austromenopon 
echinatum 
Ecto Other 0.65 3.62 N Y 18 
Chapter 9 
193 
H
o
st
 
h
a
b
it
a
t 
H
o
st
 
ta
x
a
 
H
o
st
 
sp
e
ci
e
s 
P
a
ra
si
te
 
ta
x
a
 
P
a
ra
si
te
 
sp
e
ci
e
s 
P
a
ra
si
te
 
h
a
b
it
a
t 
F
e
e
d
in
g
 
ty
p
e
 
Δ
1
3
C
 
Δ
1
5
N
 
L
ip
id
 
P
o
o
li
n
g
 
R
e
f.
 
Marine Birds Calonectris 
diomedea 
Lice Saemundssonia 
peusi 
Ecto Other 1.01 3.6 N Y 18 
Marine Echino- 
Derms 
Oneirophanta 
mutabilis 
Gastropods NA Ecto Other -0.7 -0.17 N Y 19 
Marine Fish Coryphaenoi-
des armatus 
Nematodes  NA Endo Other 3 -1.43 N Y 19 
Marine Fish Coryphaenoi-
des armatus 
Copepods NA Gills Blood -0.06 2.8 N Y 19 
Terres. Insecta Rhopalomyia 
californica 
Parasitoids Platygaster 
californica 
Endo Other 0.4 1.9 N N 20 
Terres. Insecta Rhopalomyia 
californica 
Parasitoids Tetrastichus sp. Endo Other 1.6 0.5 N N 20 
Terres. Insecta Rhopalomyia 
californica 
Parasitoids Torymus 
koebelei 
Endo Other 1.3 2.3 N N 20 
Terres. Insecta Rhopalomyia 
californica 
Parasitoids Torymus 
baccharidis 
Endo Other 1 2.2 N N 20 
Marine Fish Chimaera 
monstrosa 
Cestodes Gyrocotyle urna Endo Other -1.32 -3.33 N N 21 
Marine Echino-
derms 
Bohadschia 
argus 
Fish Carapus homei Endo Other -6.1 9 N N 22 
Marine Echino-
derms 
Bohadschia 
argus 
Fish Carapus 
boraborensis 
Endo Other -4.7 7.5 N N 22 
Marine Echino-
derms 
Bohadschia 
argus 
Fish Encheliophis 
gracilis 
Endo Other 3 2.5 N N 22 
Marine Echino-
derms 
Culcita 
Nvaeguineae 
Fish Carapus 
mourlani 
Endo Other -8.2 7 N N 22 
Terres. Insecta Syrphus 
vitripennis 
Parasitoids Diplazon 
laetorius 
Endo Other -0.3 2.89 Y N 23 
Marine Fish Salmo  
salar 
Cestodes Eubothrium 
crassum 
Endo Other 1.61 -2.45 N N 24 
Marine Fish Boops  
boops 
Isopods Anilocra 
physodes 
Ecto Blood -0.1 -0.3 N Y 25 
Freshw. Fish Gasterosteus 
aculeatus 
Cestodes Schistocephalus 
solidus 
Endo Other -0.14 -2.32 N Y 25 
Marine Fish Merlangius 
merlangus 
Nematodes  Hysterothylaciu
m aduncum 
Endo Other 1.95 -1.39 N Y 25 
Marine Fish Platichthys 
flesus 
Copepods Lernaeocera 
branchialis 
Gills Blood -1.63 -0.81 N Y 25 
Freshw. Fish Gasterosteus 
aculeatus 
Cestodes Schistocephalus 
solidus 
Endo Other 0.13 -1.35 N Y 26 
Marine Fish Gadus  
ogac 
Cestodes Pyramicocepha-
lus phocarum 
Endo Other 0.52 -4.28 N Y 26 
Marine Fish Salvelinus 
fontinalis 
Cestodes Eubothrium 
salvelini 
Endo Other 0.01 -2.1 N Y 26 
Marine Cnidarians Chrysaora 
plocamia 
Amphipods Hyperia 
curticephala 
Endo Other -0.9 1.6 N N 27 
Freshw. Crustacea Artemia 
parthengene-
tica 
Cestodes Flamingolepis 
liguloides 
Endo Other 2.82 0.24 N Y 28 
Terres. Mammals Meriones 
unguiculatus 
Ticks Ixodes ricinus Ecto Blood 0.24 3.94 N Y 29 
Terres. Mammals Cynomys 
ludovicianus 
Fleas Oropsylla 
hirsuta 
Ecto Blood -1.74 1.91 N Y 30 
Terres. Mammals Onychomys 
leucogaster 
Fleas Oropsylla 
hirsuta 
Ecto Blood -0.89 -1.01 N Y 30 
Terres. Mammals Onychomys 
leucogaster 
Fleas Pleochaetis exilis Ecto Blood -1.18 2.89 N Y 30 
Marine Cnidarians Phacellopho-
ra 
camtschatica 
Amphipods Hyperia 
medusarum 
Endo Other 6.49 -2.39 N Y 31 
Terres. Mammals Carollia 
perspicillata 
Diptera Trichobius spp. Ecto Blood 0.19 3.8 N Y 32 
Terres. Mammals Desmodus 
rotundus 
Diptera Trichobius 
parasiticus 
Ecto Blood -2.1 2.6 N Y 32 
Terres. Mammals Desmodus 
rotundus 
Diptera Strebla 
wiedemanni 
Ecto Blood -1.2 2.2 N Y 32 
Freshw. Fish Carassius 
auratus 
Isopods lchthyoxenus 
japonensis 
Endo Other -0.5 -0.6 N N 33 
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Terres. Insecta Neuroterus 
sp. 
Parasitoids Omyrus sp. Endo Other -0.24 2.07 N Y 34 
Freshw. Gastropod Lymnaea 
stagnalis 
Trematodes  Cotylurus 
cornutus 
Endo Other 0.3 3.8 N N 35 
Freshw. Gastropod Lymnaea 
stagnalis 
Trematodes  EchiNparyphium 
recurvatum 
Endo Other 0.8 2.1 N N 35 
Freshw. Gastropod Lymnaea 
stagnalis 
Trematodes  Plagirochis 
mutationis 
Endo Other -0.6 -0.6 N N 35 
Freshw. Gastropod Lymnaea 
stagnalis 
Trematodes  Diplostomum 
chromathophor
um 
Endo Other -0.6 1.2 N N 35 
Freshw. Gastropod Lymnaea 
tumida 
Trematodes  EchiNparyphium 
recurvatum 
Endo Other -0.6 0.5 N N 35 
 
References: 1) Baillon et al. (2014), 2) Baud et al. (2004), 3) Becker et al. (2013), 4) Behrmann-Godel and Yohannes 
(2015), 5) Boag et al. (1998), 6) Butterworth et al. (2004), 7) Catenazzi and Donnelly (2008), 8) Clarke and Hawke 
(2012), 9) Dean et al. (2011), 10) Demopoulos and Sikkel (2015), 11) Denic et al. (2015), 12) Deudero (2002), 13) 
Doucett et al. (1999), 14) Dubois et al. (2009), 15) Eloranta et al. (2015), 16) Fleming et al. (2014), 17) Fritts et al. 
(2013), 18) Gomez-Diaz, Gonzalez-Solis (2010), 19) Iken et al. (2001), 20) Langellotto (2006), 21) Navarro et al. (2014), 
22) Parmentier and Das (2004), 23) Perkins et al. (2014), 24) Persson et al. (2007), 25) Pinnegar and Polunin (1999), 
26) Power and Klein (2004), 27) Riascos et al. (2015), 28) Sánchez et al. (2013), 29) Schmidt et al. (2011), 30) Stapp 
and Salkeld (2009), 31) Towanda and Thuesen (2006), 32) Voigt and Kelm (2006a, b), 33) Xu et al. (2007), 34) Yarnes 
et al. (2005), 35) Yurlova et al. (2014). 
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Table S9.2 Estimated effects of the various predictors tested on carbon discrimination factors (Δ13C) 
between parasites and their hosts. Given are the posterior mean, 95% credibility intervals, effective sample 
sizes and significance levels of the MCMC mixed model analysis. 
Predictors Parameter Posterior 
mean 
 95% CI Effect. 
sample 
size 
MCMC p 
Mean Intercept -0.214 -1.197 to 0.851 2143 0.602 
Host isotope value Intercept -0.244 -1.118 to 0.508 2000 0.431 
 Scale -0.573 -0.977 to -0.103  2000 0.008 
Host sample size Intercept -0.222 -1.153 to 0.778 2000 0.558 
 Scale 0.137 -0.334 to 0.589 2000 0.552 
Parasite sample size Intercept -0.210 -1.125 to 0.680 1870 0.562 
 Scale 0.130 -0.319 to 0.529 2000 0.542 
Host taxa Arthropods 0.673 -1.178 to 2.371 2000 0.379 
 Birds 0.441 -1.638 to 2.520 2000 0.650 
 Cnidarians 0.390 -1.387 to 2.353 2193 0.644 
 Echinoderms -3.360 -5.512 to -1.209 2000 0.009 
 Fish -0.197 -1.598 to 0.975 2000 0.687 
 Lochotrophozora -0.085 -2.088 to 1.616 2000 0.912 
 Mammals -0.827 -2.328 to 0.899 2360 0.238 
Habitat Fresh water 0.179 -1.209 to 1.513 2000 0.758 
 Marine -0.255 -1.293 to 1.101 2000 0.593 
 Terrestrial -0.480 -2.036 to 0.847 1690 0.490 
Parasite taxa Arthropods -0.253 -1.251 to 0.567 2000 0.513 
 Helminths 0.000 -0.960 to 1.141 2000 0.975 
 Lochotrophozora 0.386 -1.377 to 2.219 2000 0.673 
 Vertebrates -1.792 -4.204 to 0.771 2000 0.155 
Parasite taxa – Arthropods Arachnids -0.243 -2.988 to 2.890 2000 0.875 
 Copepods -0.756 -2.482 to 0.960 2000 0.334 
 Diptera -1.151 -3.711 to 1.319 2000 0.327 
 Fleas -0.351 -2.714 to 2.087 2000 0.742 
 Hymenoptera 0.105 -2.535 to 2.642 1883 0.901 
 Hyperiids 1.879 -0.530 to 4.422 2000 0.128 
 Isopods 0.336 -1.756 to 2.569 2000 0.741 
 Lice -1.004 -3.583 to 1.282 2000 0.394 
Parasite taxa - Helminths Cestodes -0.018 -1.471 to 1.395 2000 0.945 
 Nematodes 1.037 -0.969 to 3.415 2000 0.389 
 Trematodes -0.542 -3.421 to 1.811 2000 0.672 
Parasite habitat Ectoparasitic 0.020 -1.296 to 1.404 2000 0.977 
 Endoparasitic -0.230 -1.415 to 0.906 2000 0.687 
 Gills -0.974 -2.625 to 0.541 2000 0.209 
Parasite food source Blood -0.263 -1.485 to 0.943 2000 0.621 
 Other -0.175 -1.237 to 0.946 2000 0.677 
Parasite food source (pairwise) Intercept (Blood) -0.276 -1.440 to 1.086 2000 0.632 
 Other 0.081 -0.816 to 0.993 2000 0.859 
Lipid extraction No -0.220 -1.132 to 0.847 1830 0.586 
 Yes -0.002 -1.707 to 1.834 2000 1.000 
Lipid extraction (pairwise) Intercept (No) -0.193 -1.310 to 0.725 2288 0.626 
 Yes 0.171 -1.245 to 1.964 2000 0.814 
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Table S9.3 Estimated effects of the various predictors tested on nitrogen discrimination factors (Δ15N) 
between parasites and their hosts. Given are the posterior mean, 95% credibility intervals, effective sample 
sizes and significance levels of the MCMC mixed model analyses. 
 
 
Predictor Parameter Posterior 
mean 
 95% CI Effective 
sample 
size 
MCMC p 
(Null model) Intercept 1.179 -0.213 to 2.438 2000 0.075 
Host isotope value Intercept 0.969 0.064 to 2.013 2000 0.045 
 Scale -1.188 -1.814 to -0.557 2000 < 0.001 
Host sample size Intercept 1.189 -0.170 to 2.772 2251 0.084 
 Scale -0.347 -1.097 to 0.260 2000 0.301 
Parasite sample size Intercept 1.222 -0.020 to 2.791 2000 0.064 
 Scale 0.112 -0.440 to 0.673 2000 0.688 
Host taxa Arthropods 2.867 0.502 to 5.457 2000 0.029 
 Birds 3.210 -0.604 to 6.979 2000 0.090 
 Cnidarians 0.646 -2.119 to 3.427 2000 0.603 
 Echinoderms 3.705 0.284 to 7.221 1526 0.040 
 Fish -0.325 -1.193 to 1.532 2000 0.663 
 Lochotrophozora 1.399 -1.342 to 4.326 2000 0.320 
 Mammals 2.032 -0.490 to 4.463 2000 0.090 
Habitat Fresh water 0.821 -0.794 to 2.479 2000 0.314 
 Marine 0.689 -0.535 to 2.126 2000 0.272 
 Terrestrial 2.569 0.530 to 4.646 2000 0.018 
Parasite taxa Arthropods 1.174 0.216 to 3.317 2000 0.038 
 Helminths -0.879 -2.572 to 0.692 2000 0.269 
 Lochotrophozora 0.684 -1.610 to 3.137 2000 0.555 
 Vertebrates 5.278 2.573 to 8.295 2000 0.001 
Parasite taxa – Arthropods Arachnids 5.828 2.347 to 9.185 2000 < 0.001 
 Copepods 1.626 -0.463 to 3.857 2000 0.092 
 Diptera 2.895 -0.262 to 5.783 1601 0.059 
 Fleas 2.899 0.034 to 5.854 1847 0.030 
 Hymenoptera 2.0168 -1.082 to 5.206 2000 0.182 
 Hyperiids -0.050 -2.852 to 3.025 2031 0.992 
 Isopods 0.225 -2.290 to 3.045 1865 0.853 
 Lice 3.443 0.345 to 6.567 2000 0.024 
Parasite taxa - Helminths Cestodes -2.107 -4.008 to 0.080 2000 0.049 
 Nematodes 0.784 -3.422 to 2.120 2000 0.525 
 Trematodes 0.547 -2.686 to 3.760 2000 0.635 
Parasite habitat Ectoparasitic 3.014 1.307 to 4.928 2000 < 0.001 
 Endoparasitic 0.314 -1.307 to 1.948 2000 0.658 
 Gills 1.706 -0.184 to 3.888 2000 0.087 
Parasite food source Blood 2.356 0.625 to 4.238 2000 0.010 
 Other 0.916 -0.672 to 2.513 2000 0.211 
Parasite food source (pairwise) Intercept (Blood) 2.366 0.653 to 4.385 2000  0.012 
 Other -1.448 -2.551 to -0.218 2000 0.013 
Lipid extraction No 1.206  -0.137 to 2.639 2000 0.081 
 Yes 0.931 -1.875 to 3.456 2296 0.504 
Lipid extraction (pairwise) Intercept (No) 1.239 -0.126 to -2.688 2000 0.075 
 Yes -0.274 -2.943 to 2.404 2000 0.846 
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In this thesis, biological invasions were used as ‘experiments in nature’ to study newly established 
parasite-host interactions and the underlying processes across spatial scales. The overall 
objective was to disentangle the manifold of roles of marine invasive species in parasite-host 
interactions and to understand the ecological and evolutionary implications for marine 
ecosystems.  
In this chapter, the main findings of the three parts of the thesis are discussed in a broader 
ecological and evolutionary context, with specific emphasis on the Pacific oyster (Crassostrea 
gigas) invasion in the European Wadden Sea. First, I will discuss the manifold roles of the Pacific 
oyster in parasite-host interactions according to the different mechanisms of the conceptual 
framework provided in Part I (Chapter 2). This thesis focussed mostly on the co-introduction and 
spillover of an invasive parasite species (Chapters 4, 5, 7, 8), but in this chapter, I will also include 
additional mechanisms such as parasite release for which I provide a review of the literature. In 
addition, the role of the Pacific oyster in parasite-host interactions is further broadened by the 
inclusion of microparasites (i.e. viruses, bacteria, protozoa) using literature sources to provide a 
comprehensive overview of the complex ways of how a single invader can affect parasite-host 
interactions in an invaded ecosystem. In the second part of this chapter, I will discuss how the 
effect of Pacific oysters on parasite-host interactions varies along the ecosystem due to the 
respective environmental context in form of surrounding communities and abiotic factors. Then 
in the third part, I will evaluate the ecological and evolutionary impacts of the complex effects of 
the Pacific oyster on parasite-host interactions for the Wadden Sea ecosystem. Finally, I will end 
the discussion with recommendations for future research and some concluding remarks.  
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Marine invasions and parasites 
After an alien species is introduced to a new ecosystem it can become invasive by establishing 
self-sustaining populations which spread in the new range (see Fig. 1.1 in Chapter 1). During this 
last phase in the invasion process, the invader interacts with local species via predation and 
competition, which increases the complexity of native interaction webs (see Fig. 1.2 in Chapter 
1). In this thesis, I show that these interaction webs become even more complex by the addition 
and mediation of interactions between parasites and their hosts through invasive species (Fig. 
10.1). Therefore, this thesis shows that the manifold of roles of invasive species in parasite-host 
interactions goes well beyond the initial release or reduction of parasites (enemy release 
hypothesis).  
 
 
 
 
 
 
 
 
 
 
Fig. 10.1 Abstract illustration of a native parasite-host web, which involves five native host species (white 
semicircles) and four native parasite species (small white circles) before the arrival of an invasive species 
(pre-invasion). This web grows in complexity after the establishment of the invasive species (grey 
semicircles) and its co-introduced invasive parasites (grey circles), by increasing the number of 
connections between host and parasite species via the mechanisms described in Chapter 2. 
 
In total, this thesis identified seven possible ways (see Chapters 2 and 6) in which invasive species 
can affect parasite host interactions in invaded ecosystems:  
1. Parasite release or reduction: Invasive species can leave all or some of their parasites 
behind in the native range, leading to potential competitive advantages of invaders over 
native species (enemy release hypothesis).  
2. Parasite spillback: Invasive species can act as new competent hosts for native parasite 
species, potentially amplifying the native parasite population, leading to increased 
infection levels in native host species. 
3. Introduction of free-living stages of parasites: Invasive species can be parasites themselves, 
which are introduced as free-living stages (mostly microparasites) in the introduced 
range, potentially infecting native host species. 
General discussion 
202 
4. Parasite co-introduction with host: Invasive parasites can be co-introduced with their 
invasive host to the introduced range. 
5. Co-introductions of parasites and spillover to native hosts: Invasive parasites can be co-
introduced with their invasive host to the introduced range and subsequently spill over to 
native host species. 
6. Interference with parasite transmission: Invasive species can be non-competent hosts and 
interfere with the transmission of native parasites.  
7. Trait-mediated indirect interactions: Invasive ecosystem engineers can exert trait-
mediated indirect effects on parasite-host interactions via their complex physical 
structure by changing the behavior of native hosts (e.g. refuge seeking in the structure 
provided by an invader) which can lead to an alteration of infection levels in native hosts.  
In the following, I demonstrate that these seven roles of invasive species in parasite-host 
interactions can occur simultaneously during a single invasion process, in this case the invasion 
of Pacific oysters in the European Wadden Sea.  
 
The Pacific oyster invasion and its effects on parasite-host interactions 
The Pacific oyster was not directly introduced from East Asia to European coastal waters, but 
invaded via oyster introductions from British Columbia along the North American Pacific coast 
where it had been introduced for oyster culture purposes before. Therefore, parasite species 
associated with the Pacific oyster had to pass the various barriers of the invasion process (see 
Fig. 1.1 in Chapter 1) at least twice, increasing the chance that parasites were lost during the two 
separate invasion steps. So far, a potentially resulting parasite release of the Pacific oyster in the 
Wadden Sea has not been investigated. However, a literature review indicates that at least five 
parasite species that have been described in Pacific oysters from the native range in East Asia 
have been lost as they have not been found in British Columbia or in the Wadden Sea (Table 10.1; 
Fig. 10.2): the trematode species Gymnophalloides tokienses and Proctoeces spp., the cestode 
Tylosephalum spp., the cnidarian Eugynmanthea japonica and the paramyxean Marteiliodis 
chungmuensis. Two of these potentially lost parasite species, the trematode G. tokienses and the 
paramyxean M. chungmuensis, directly impact the fitness of the Pacific oyster in its native range. 
Oysters heavily infected by G. tokiensis show depleted body reserves and reductions in growth 
(Hoshina and Ogino, 1951), while M. chungmuensis impacts the reproduction of the oyster by 
infecting its oocytes, resulting in abnormal development of the gonads and a disfigured 
appearance (Itoh et al., 2004). Hence, a release from these parasites may have resulted in a direct 
fitness increase of the invasive Pacific low predation pressure in the invaded ecosystem (Troost, 
2010; Chapter 1), may have facilitated the spread of this invader.  
However, despite a release from some of its own native parasites , the Pacific oyster 
became infected with two native parasite species once it was established in the Wadden Sea, the 
fungus Ostracoblable implexa (Thieltges et al., 2013a) and the polychaete Polydora ciliata 
(Thieltges et al., 2006; Pogoda et al., 2012; Brenner et al., 2014; Thieltges et al., 2013a; Chapter 3; 
Fig. 10.2). Both parasites do not directly affect the host tissue, but damage the Pacific oyster shell 
and weaken its structure (Catherine et al., 1990; Thieltges et al., 2013a). The fungus naturally 
infects European flat oysters (Ostrea edulis), but now found a new competent host species in the 
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Pacific oyster in which it is extremely prevalent in the entire Wadden Sea (Thieltges et al., 2013a). 
With the extinction of its native host (O. edulis) and adaptation of the Pacific oyster as a new host 
species, the fungus could remain or re-establish its presence in the Wadden Sea, illustrating the 
importance of the Pacific oyster invasion for the parasite population. In the Dutch Delta, European 
flat oysters are still naturally occurring and the presence of the invasive oyster could result in 
spillback to this native oyster species, potentially increasing the disease risk for the native host. 
Similarly, the acquisition of the native shell boring polychaete P. ciliata by the invasive Pacific 
oyster in the Wadden Sea could amplify polychaete populations, resulting in increasing infection 
levels in native blue mussels (Mytilus edulis) and common periwinkles (Littorina littorea) via 
spillback effects. As P. ciliata infections are known to increase the vulnerability of mussels and 
periwinkles to predators (Kent, 1979, 1981; Buschbaum et al., 2007), these potential spillback 
effects may eventually result in an enlarged predation pressure on these native host species. The 
much higher prevalences of P. ciliata in invasive oysters compared to native mussels in the entire 
Wadden Sea (Chapter 3), might also suggest an ongoing host switch of the parasite, which now 
seems to preferably infect the Pacific oyster. As the invasive host species is currently almost 
predator-free in the Wadden Sea (Chapter 1), shell damage inflicted by P. ciliata might make the 
Pacific oyster more available to Wadden Sea predators, such as birds and crabs. However, the 
potential spillback or host switch of P. ciliata and its resulting effects on predation pressure on 
native and invasive host species remain a topic for future studies (see Box 10.1 and 10.2).  
 
 
Table 10.1 Results of a literature review on parasites of the Pacific oyster (Crassostrea gigas) which have 
probably been lost during translocations from East Asia (native range) via British Columbia (North 
American Pacific Coast) to the Wadden Sea (introduced range), with information on the parasite species, 
parasite taxa, presence in East Asia, British Columbia and the Wadden Sea, the effects of the parasite species 
on oyster hosts and the respective literature sources. 
References: 1) Fujita, 1925; 2) Hoshina and Ogino, 1951; 3) Sakaguchi, 1973 in Lauckner, 1983; 4) Yamada, 1950 in 
Lauckner, 1983; 5) Itoh et al, 2004.  
 
 
Besides acquiring the two native parasites discussed above, the Pacific oyster is also 
infected with a wide variety of Vibrio bacteria which are omnipresent in the Wadden Sea 
(Thieltges et al., 2013a; Wendling et al., 2013; Wendling and Wegner, 2015). The origin of these 
(sometimes virulent) bacteria is unknown and they could be native as well as introduced as 
invasive infective stages, giving Vibrio bacteria a cryptogenic status in the Wadden Sea. Vibrio spp. 
can be found in the oyster tissue and hemolymph and are probably taken up from the 
environment by the oysters (Wendling and Wegner, 2015), where their presence in the water 
column varies seasonally with environmental temperatures (Wendling et al., 2014). Abundances 
of Vibrio spp. in oysters peak during summer (Wendling et al., 2014) and after the oysters’ main 
spawning period Vibrio infections can cause mass mortalities of Pacific oysters when 
Parasite species Parasite taxa East 
Asia 
British 
Columbia 
Wadden 
Sea 
Direct effects Reference 
Gymnophalloides tokiensis Trematoda Yes No No Body reserves (-) 
Growth (-)  
1, 2 
Proctoeces spp.  Trematoda Yes No No Unknown 2 
Tylosephalum spp. Cestoda Yes No No Unknown 3 
Eugynmanthea japonica Cnidaria Yes No No Unknown 4 
Marteiliodis chungmuensis Paramyxea Yes No No Fecundity (-) 5 
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temperatures are still high (Wendling, 2013), as was observed in populations in the southern 
German Wadden Sea (Watermann et al., 2008b). However, under these circumstances, Pacific 
oysters in the Wadden Sea are known to quickly built resistance and locally adapt to virulent 
Vibrio strains, demonstrating fast evolutionary responses of the invasive species within a few  
generations (Wendling and Wegner, 2015). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10.2 The manifold effects of the invasive Pacific oyster (Crassostrea gigas) on parasite-host 
interactions in the Wadden Sea (and Dutch Delta). Infections with Vibrio bacteria have not been illustrated 
as these parasites are from unknown origin. See text for further details. Drawings by Pieternella C. 
Luttikhuizen. 
 
 
The Pacific oyster has not only acquired native parasites but also co-introduced several 
invasive parasites to the Wadden Sea. Recently, a virulent strain of oyster herpesvirus (OsHV-1 
μvar) emerged in Pacific oysters in Europe (Engelsma, 2010; Lynch et al., 2012; Roque et al., 2012; 
Segarra et al., 2010) and appears to have originated from East-Asia (Mineur et al., 2014). So far, 
the virus only impacts the Pacific oyster (Fig. 10.2), causing mortalities of up to 90% among oyster 
larvae, spat and juveniles in the Dutch Delta (Engelsma, 2010). Recently, the virus has also been 
detected in juvenile oysters in the Wadden Sea (Gittenberger et al., 2015), but so far mass 
mortalities have not been documented in this introduced range. It will be interesting to see 
whether the virus will affect the population dynamics of the Pacific oysters on wild oyster beds 
and whether it will spillover to native host species at some point.  
Such a spillover to native hosts has occurred in one of the co-introduced parasites, the 
parasitic copepod Mytilicola orientalis, which now infects native blue mussels (M. edulis), common 
cockles (Cerastoderma edule) and Baltic tellins (Macoma balthica; Chapter 5; Fig. 10.2). 
Prevalences in native mussels can be higher than in invasive oysters (Chapter 3), but the number 
of parasites in infected oysters exceeds those in mussels (Chapter 3). However, when host density 
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is taken into account, native mussels harbour much larger population densities of M. orientalis 
than Pacific oysters, as mussels occur in higher densities than oysters at most locations in the 
Wadden Sea (Chapter 3). It is still an open question whether the invasive parasite depends on 
both host species to maintain its population, but recent theoretical developments in parasite 
population modelling gives promising directions to answer this question (Box 1.2).   
In this thesis, I also investigated the impact of the invasive parasitic copepod M. orientalis  
on its new native mussel host M. edulis. Experiments including artificial infections demonstrated 
that mussel condition is significantly reduced by juvenile M. orientalis, but that these parasite 
stages do not exert a negative effect on the clearance rate, growth or survival of its native host 
(Chapter 7). The adverse effects of the invasive copepod on the condition of its mussel host are 
most likely caused by the dietary needs of the parasite, as stable isotope analyses showed a 
trophic enrichment of the parasite compared to its host, indicating that M. orientalis is feeding on 
host tissue (Chapter 8). However, the trophic enrichment was much smaller (1.2‰) than the 
average trophic fractionation factor of 3.4‰ commonly used to separate trophic levels in 
predatory trophic interactions (Minagawa and Wada, 1984; Vander Zanden, 1997; Post, 2002). 
As a comparative literature-based analyses revealed (Chapter 9), this standard trophic 
fractionation factor may not be applicable for parasite-host relationships as neither a trophic 
enrichment nor a depletion of the parasite compared to its host appears to be a general pattern. 
Furthermore, among parasite-host relationships, nitrogen and carbon enrichment of parasites 
scale negatively with, respectively, the δ15N and δ13C isotope values of the host (Chapter 9), a 
pattern which was also found for nitrogen isotopes comparing the invasive parasitic copepod M. 
orientalis and its native mussel host M. edulis (Chapter 8). The absence of a general trophic 
fractionation factor and the negative scaling of parasite enrichment with host isotope values, call 
for a scaled rather than a fixed trophic fractionation framework, without the conservative 3.4‰ 
trophic fractionation factor separating trophic levels (Chapter 9). This has also consequences for 
the employment of isotope mixing models that are often used by biologists to reconstruct the 
proportions of diet sources in an organisms’ diet and require the input of correct trophic 
fractionation factors (Phillips et al., 2014). Therefore, we used a variety of trophic fractionation 
factors in these isotope mixing models, which all showed that also mussel diet sources (i.e. 
particulate organic matter and microphytobenthos), could make up substantial proportions of 
the parasites’ diet (Chapter 8). These results indicate that the invasive M. orientalis probably has 
a parasitic, but also a commensalistic relationship with its new native mussel host (Chapter 8).  
Another co-introduced parasite of Pacific oysters which can potentially spill over to native 
species in the Wadden Sea is the bacterium Nocardia crassostreae (Fig. 10.2). In the summer of 
2006, a mass mortality of Pacific oysters was observed in the Dutch Delta which was (partially) 
caused by this bacterium (Engelsma et al., 2008). Mass mortalities of Pacific oysters associated 
with nocardiosis have been reported earlier in Japan (Koganezawa 1975; Numachi et al., 1965) 
and on the west coast of North America (Sindermann and Rosenfield, 1967; Elston,  1993). The 
primary cause of the mass mortalities in the Dutch Delta was abiotic stress due to elevated water 
temperatures and low oxygen levels in summer (Engelsma et al., 2008). However, infection with 
the bacterium may have acted as an additional stressor facilitating the mortality of the oysters 
(Engelsma et al., 2008). In addition, the disease did not only affect the invasive Pacific oyster, but 
also the native European flat oyster (Engelsma et al., 2008), thus showing a spillover potential to 
native species. However, so far, N. crassostreae has not been detected in Pacific oysters in the 
Wadden Sea.  
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Box 10.1  Spillback of Polydora ciliata – ongoing research  
The acquisition of the native shell boring polychaete Polydora ciliata by invasive Pacific 
oysters (Crassostrea gigas) can result in spillback effects for native blue mussels (Mytilus 
edulis), potentially leading to changes in predation strength on both host species. To 
investigate parasite spillback and estimate population sizes of the parasite in both host 
species, one needs to obtain information on P. ciliata intensities in host species, which is a 
tedious procedure requiring the cracking of host shells to accurately determine the number 
of worms in infected hosts. Alternatively, X-ray scans of host shells (Fig. 1) may be used to 
estimate the number of worms in infected shells. Results of a pilot study suggest that the 
percentage of damaged shell surface significantly correlates with P. ciliata intensities in 
oysters (R2 =0.61, p < 0.01) and mussels (R2 = 0.44, p < 0.001). With such a proxy method, 
estimates of P. ciliata infection intensities in the field could be obtained to calculate parasite 
population densities in both host species according to Bush et al. (1997), by multiplying 
parasite abundances with host densities as has been done for the invasive parasitic copepod 
Mytilicola orientalis in Chapter 3. The field data used for this calculation showed that 
although the overall prevalence of M. orientalis was higher in native mussels, the higher 
intensities in invasive Pacific oysters lead to similar abundance estimates of the parasite in 
both host species. However, due to the much higher population densities of mussels 
compared to Pacific oysters, native mussels harboured most of the M. orientalis population 
at all investigated locations in the Wadden Sea (Chapter 3). Whether the same accounts for 
P. ciliata is still an open question and part of ongoing analyses. 
A proxy for P. ciliata infection levels based on shell damage can also be applied to the 
historical shell collections of bivalves from the Wadden Sea hold by the NIOZ (shellfish 
monitoring since the 1970s by J. Beukema and R. Dekker), in particular via the screening of 
mussel shells before and after the arrival of Pacific oysters. This ongoing research will allow 
to investigate whether the introduction of Pacific oysters has resulted in an increase in P. 
ciliata infections in mussels. 
 
                 
Fig. 1 X-ray scans of (A) mussel and (B) oyster shells showing infections with the shell boring 
polychaete Polydora ciliata. White arrows indicate the presence of tubes made by the parasite.  
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Box 10.2  Relative contributions of invasive and native hosts to parasite 
  persistence - ongoing research   
The invasive parasitic copepod Mytilicola orientalis and the native shell boring polychaete 
Polydora ciliata both infect invasive Pacific oysters (Crassostrea gigas) and native blue 
mussels (Mytilus edulis) but the relative contribution of the two hosts for the persistence of 
these parasite species in Wadden Sea remains to be determined. Recently, Fenton et al. 
(2015) proposed a conceptual framework for partitioning host contributions to parasite 
persistence in multihost communities based on key thresholds for parasite persistence. In 
this framework, the basic reproductive number (R0) of the parasite for each host species first 
needs to be calculated via host-specific parameters such as prevalence, host density, the 
number of released infective stages and the transmission rate. When the calculated R0 values 
in both species are then plotted against each other, five regions in parameter space develop: 
parasite extinction, host 1 maintains the parasite population, host 2 maintains the parasite 
population, facultative multihost parasitism (either host can maintain the population) and 
obligative multihost parasitism (the parasite needs both host populations to persist; Fenton 
et al., 2015). Fig. 2 shows this plot for the invasive parasitic copepod M. orientalis, which was 
created by using data of the field sampling campaign described in Chapter 3 (prevalences of 
M. orientalis in mussels and oysters and host densities per plot on 7 beds (n = 28 plots) in the 
Wadden Sea), suggesting a case of facultative multihost parasitism where either host species 
can maintain the parasite population alone. This would mean that the persistence of the 
parasite population does no longer depend on its original host, the invasive Pacific oyster, but 
can also be maintained by the new native mussel hosts. However, this preliminary plot was 
made under the assumption that the number of released infective stages and the 
transmission rate are similar for each host species, and further experimental studies are 
needed to determine whether these assumptions are valid. In addition, similar calculations 
can be done for the shell boring polychaete P. ciliata. once data on infection levels and 
parasite population densities are available (see Box 10.1.).  
 
                       
Fig. 2 Graph of the R0,mussel–R0,oyster parameter space for the two dominant host species (invasive Pacific 
oysters Crassostrea gigas and native blue mussels Mytilus edulis) of the invasive copepod Mytilicola 
orientalis. Ext. = parasite goes extinct, OMH = obligate multihost parasitism, FMH = facultative 
multihost parasitism. 
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Besides serving as host for native or invasive parasites, the invasive Pacific oyster can also affect 
native parasite-host interactions without being a host itself by interfering with the transmission 
of the native trematodes Renicola roscovita and Himasthla elongata, which both have a complex 
life cycle (see Fig. 1.7 in Chapter 1; Fig. 10.2). In experimental settings, the Pacific oyster has been 
shown to act as a decoy or dead-end host for these parasite species (Thieltges et al., 2009; Welsh 
et al., 2014, Goedknegt et al., 2015), thereby directing infective parasite stages away from the 
native blue mussel host M. edulis. As R. roscovita affects the growth rate, clearance rate and 
condition of native blue mussels (Thieltges, 2006; Stier et al., 2015) and H. elongata reduces the 
mussels’ attachment capacity by impairing its byssus-thread production (Lauckner, 1984), Pacific 
oysters can reduce the disease risk for native mussels by interfering with the transmission of 
these parasite species. However, in an observational field study, any effects of the Pacific oyster 
on infection levels of these two parasites were not observed (Chapter 3), suggesting that other 
environmental factors may often override the transmission interference effects of Pacific oysters 
in the field.  
In addition to interfering with the transmission of native trematode species, the invasive 
Pacific oyster appears to also act as a sink for the previously introduced parasitic copepod 
Mytilicola intestinalis. Dissections of almost 400 oysters originating from the Wadden Sea and the 
Dutch Delta did not reveal any M. intestinalis infections (Chapter 5) and artificial infections of 
oysters with this invasive parasite were unsuccessful (Elsner et al., 2011; M. Feis, personal 
communications). In one of these experimental infection trials, 25 infective M. intestinalis larvae 
where added to a container with one Pacific oyster (40 replicates) and after 133 days only one 
oyster was infected with a single copepod, with almost no remaining larvae in the containers 
(only one individual copepod in 3 out of 40 containers; M. Feis, unpublished data). This result 
suggests that the Pacific oyster could act as a potential diluter of M. intestinalis parasites. 
Additional support for this hypothesis comes from field studies, where oyster density was 
negatively correlated with M. intestinalis occurrence in blue mussels across the entire Wadden 
Sea (Chapter 3). As experiments with artificial infections showed reductions in mussel condition 
with increased infection levels of M. intestinalis (Feis et al., 2016), Pacific oysters probably reduce 
the disease risk for native blue mussels by acting as a sink for the parasite species.  
Finally, invasive Pacific oysters can also initiate trait-mediated indirect effects on 
parasite-host interactions via the habitat structure and complexity they provide. Native blue 
mussels use the complex structure created by the oysters as refuge from crab and bird predators 
by migrating to the bottom of the oyster matrix (Eschweiler and Christensen, 2011). This 
behavioural change induced by the oysters in presence of predators results in mussels at the 
bottom and top of the matrix experiencing significantly different infection levels (Chapter 6). This 
is the first time that a modification of parasite-host interactions as a result of trait-mediated 
indirect effects exerted by an invasive ecosystem engineer has been demonstrated and this 
mechanism may also occur in other invasive ecosystem engineers.  
To conclude, the introduction of the Pacific oyster in the Wadden Sea (and Dutch Delta) 
has resulted in complex changes in the parasite-host interaction web in the invaded ecosystem 
(Fig. 10.1), involving both invasive and native host and parasite species (Fig. 10.2) which are 
adding to the changes in predatory and competitive interactions (Chapter 1).  
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Variations in parasite-host interactions across the ecosystem  
Although the Pacific oyster has been identified to generally affect parasite-host interactions in the 
invaded ecosystem in the manifold ways discussed above, the resulting interaction webs will 
differ across the ecosystem depending on local environments as the results from the field study 
of infection levels of Pacific oysters and mussels along the Wadden Sea ecosystem suggests 
(Chapter 3). This study revealed strong spatial heterogeneity in the distribution and abundance 
of parasites which play a role in parasite spillback, parasite spillover and transmission 
interference across the entire Wadden Sea. This indicates that the local environment strongly 
influences local parasite-host webs, resulting in a diversity of different local webs across an entire 
ecosystem (Fig. 10.3). These local interaction webs can differ in the general species composition 
and interaction architecture, but also in the strength of specific interactions between parasites 
and hosts (Fig. 10.3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10.3 Schematic ilustration of variations in local parasite-host interaction webs across an ecoystem, 
depending on local environments. Local interaction webs can differ in the general species composition and 
interaction architecture but also in the strength of specific interactions (indicated by the thicknes of links 
between species).  
 
 
One of the factors determining the spatial variability in parasite-host interaction webs is 
the presence and absence of specific parasite and host species at individual locations. For 
example, the invasive parasitic copepod Mytilicola orientalis has so far rarely been found in 
mussels and oysters in the north of the Wadden Sea, while it present at all southern locations in 
this ecosystem (Chapter 3). This means that the interactions resulting from the presence of this 
invasive parasite are present in parasite-host interaction webs at some locations, but not at 
others such as in the north of the Wadden Sea.    
While the presence of links and the general architecture of parasite-host interaction webs 
is determined by the presence or absence of parasite and host species, the strength of specific 
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parasite-host interactions will be determined by the abundance of parasites at individual 
locations. This in turn will be the result of local biotic and abiotic factors as suggetsed by results 
presented in Chapter 3. In this study, I investigated the effect of 13 environmental drivers on 
parasite abundance in invasive Pacific oyster and mussels hosts. For many parasite species, the 
abundance of the macro-algae Fucus vesiculosus was particularly important, probably affecting 
the relative abundance of parasite species in mussel and oysters hosts via the accumulation of 
infective stages in the water column (Chapter 3). Also host size was a strong predictor of parasite 
abundances, further determining the local interaction strength of specific parasite-host 
interactions (Chapter 3).  
Abiotic factors such as the ambient temperature can also affect the strength of parasite-
host interactions. In the Wadden Sea, the range of average summer temperatures across locations 
was too small to be included in the analyses of Chapter 3, but for invasive species of which the 
invasive range stretches over multiple latitudes, temperature can be particularly important. For 
example, invasive species which play a role in parasite transmission interference of native 
parasites have been shown to exert enhanced feeding rates as a response to increasing 
temperatures, reducing infections in native host species to an even greater extend at elevated 
ambient temperatures (Goedknegt et al., 2015). At relatively warmer locations, these enhanced 
feeding rates will strengthen the transmission interference link between an invasive species and 
a native parasite, but weaken the parasitic link between the native parasite and its native host 
species. Furthermore, invasive parasites co-introduced with Pacific oysters and involved in spill-
over events, might thrive at elevated temperatures, strengthening the links between the invasive 
parasite and host species. We already observed that higher temperatures during the breeding of 
infective Mytilicola orientalis larvae substantially increased larval development of the invasive 
parasite (Chapter 7), potentially leading to greater abundances in mussel and oyster hosts (by 
allowing more sequential larval production events in adults), thus further affecting the 
interaction strength.   
Finally, the development of parasite and host pre- and post-infection traits during 
coevolutionary processes may determine the local interaction strength in parasite-host 
interaction webs (Fig. 10.4). Experimental cross-infection studies not included in this thesis (Feis 
et al., 2016), discovered that also these traits are subject to local environmental factors. The 
parasitic copepod M. intestinalis shows higher infectivity in native mussels and is more efficient 
at exploiting the host’s resources in the south-western Wadden Sea than parasites originating 
from the northern Wadden Sea (Feis et al., 2016). In addition, southern hosts have evolved 
resistance to infection, whereas hosts in the north may have evolved infection tolerance (Feis et 
al., 2016). These results demonstrate that host-parasite coevolution depends on local 
environmental processes and will in turn shape the structure and interaction strength of local 
parasite-host interactions. 
 
Impact on the Wadden Sea ecosystem 
The variation in parasite-host interaction webs across the invaded ecosystem caused by different 
environmental processes (Fig. 10. 3) will also result in different impacts on host species and local 
communities across the ecosystem. This compromises a general assessment of ecological and 
evolutionary impacts at the ecosystem scale. However, it is possible to assess the impact on 
smaller scales based on the condition that the local presence and abundance of parasite and host 
species is known.  
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Fig. 10. 4 Graphical depiction of parasite and host pre- and post-infection traits which develop during host-
parasite coevolution in the course of parasite invasion. White semi circles represent a native host species, 
grey small circles represent an invasive parasite species. Pre-infection traits: infectivity = the ability of the 
parasite to infect the host, resistance = the ability of the host to prevent parasitic infections. Post-infection 
traits: virulence = the ability of the parasite to damage the host, tolerance = the ability of the host to resist 
potential damage by the parasite.  
 
Regarding the Wadden Sea ecosystem, the impact of many macroparasite species on 
native host species is known from previous investigations of native parasite-host interactions 
(e.g. the shell boring polychaete Polydora ciliata and the trematode species Renicola roscovita and 
Himasthla elongata) and recent experiments with invasive parasites (the parasitic copepods 
Mytilicola orientalis and Mytilicola intestinalis, partly Chapter 7 and Feis et al., 2016). As the effects 
of these macroparasite species are generally density dependent, the impacts of these 
macroparasites will increase when the parasites occur in higher abundances. For example, when 
the trematode Renicola roscovita occurs locally in high abundances in native blue mussels Mytilus 
edulis, the growth rate, clearance rate and condition of native blue mussels (Thieltges, 2006; Stier 
et al., 2015) can be expected to be negatively affected. Similarly, when the invasive copepods 
Mytilicola spp. locally occur in high abundances in native mussels, the mussel condition will be 
significantly reduced (Chapter 7; Feis et al., 2016). As blue mussels are ecologically and 
commercially important species in the Wadden Sea, these impacts of parasite infections on the 
host might also affect other species and general ecosystem functions and services of mussels , such 
as habitat and food provision for other species, the dilution of pollutants and the cleaning of the 
water column via filter feeding activities.  
The effects of microparasite species on the other hand, are more devastating for the 
invasive Pacific oysters themselves. In contrast to the macroparasites discussed above, bacteria 
(e.g. Vibrio spp., Nocardia crassostreae) and viruses (e.g. oyster herpes virus) are more virulent, 
often resulting in the death of infected oysters (Engelsma 2008, 2010; Watermann et al.., 2008b; 
see Fig. 10.4). In particular during summer, when environmental temperatures increase, 
microparasitic infections cause increased mortality in invasive Pacific oysters (Wendling, 2013). 
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Such mass mortality events may be early indications of potential boom and bust dynamics in the 
population growth of the Pacific oyster. Since its introduction in the Wadden Sea, a continuous 
population growth of Pacific oysters has been observed (Schmidt et al., 2008). However, in the 
Dutch Delta and the Wadden Sea, the first ‘busts’ have been reported in the form of localized mass 
mortalities as a result of parasite infections, in particular via infections of virulent 
microsparasites (i.e. Vibrio spp., Nocardia crassostreae and oyster herpesvirus; Engelsma 2008, 
2010; Watermann, 2008b). However, these detrimental impacts on invasive host species also 
result in a strong selection pressure on Pacific oysters as observed for Vibro bacteria (Wendling 
and Wegner, 2015). The evolutionary response of Pacific oysters to these selection pressures can 
be rather quick as a local adaptation to Vibrio strains could be observed within just a few 
generations (Wendling and Wegner, 2015). It will be interesting to see whether Pacific oysters 
will adapt to other virulent pathogens or whether oyster populations will eventually be regulated 
or even ‘bust’. In any case, these coevolutionary aspects indicate that the ecological impacts of the 
changes on parasite-host interactions imposed by Pacific oysters will not only vary spatially, but 
will also have temporal dynamics via the coevolution of host and parasite species.  
 
Outlook 
This thesis contributed to efforts to disentangle the manifold effects of marine invasive species 
on parasite-host interactions in invaded communities. In this thesis, I focussed particularly on the 
mechanisms which link invaders with native species via parasite-host interactions. However, the 
interaction webs in which these parasite-host interactions are included are still a simplified 
version of more realistic interaction webs, as other species interactions involving parasites and 
their hosts exist that have not been included in this thesis. In the following, I discuss several such 
interactions that seem promising research avenues for future studies on invasive Pacific oysters 
as well as for invasion ecology in general.  
One of the relationships which could be added to these webs are parasite-parasite 
interactions, as hosts are often infected by more than one parasite species. Recently, these 
interspecific parasite interactions gained increasing attention in the literature (e.g. Fenton et al., 
2010; Cattadori et al., 2014; Fenton et al., 2014; Woolhouse et al., 2015; Hellard et al., 2016), but 
so far interactions between invasive and native parasites have rarely been investigated. 
Numerous experimental studies (reviewed by Hellard et al., 2016) have shown that co -infecting 
parasites can exert strong positive or negative interactions, further affecting the interaction 
strength between parasite and host species, with consequences for disease dynamics (Fenton et 
al., 2014; Woolhouse et al., 2015). However, as experimental studies including co-infections with 
two different parasite species are not always possible because of ethical or logistical reasons, the 
interaction strength of parasite-parasite interactions can also be determined from field 
observational data by the use of mixed modelling (Fenton et al., 2010). This is a promising 
approach which will help to understand the interactions between invasive and native parasites 
in parasite-host webs.  
A second type of interaction which could be added to parasite-host webs in the future are 
indirect interactions between invasive and native host species which are mediated by invasive or 
native parasites. When invasive and native host species compete for resources, the outcome of 
the competition can be altered when a parasite affects one host species, but not the other, 
resulting in density-mediated indirect effects (Dunn et al., 2012; Hatcher et al., 2006). In other 
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cases, when invasive and native species are not in direct resource competition, a shared parasite 
species might still mediate their interaction via apparent competition (Holt and Pickering, 1985). 
For example, the parasite can affect the least abundant host species, but not the other, leading to 
the removal of the least abundant species from the parasite-host web (Hatcher et al., 2012). 
Furthermore, like Pacific oysters via the biogenic matrix they provide (Chapter 6), parasites 
might also exert trait-mediated indirect effects on host species (Werner and Peacor, 2003) by 
affecting host behaviour, which results in the modification of competitive and trophic interactions 
between invasive and native host species (Dunn et al., 2012; Hatcher et al., 2006).   
Finally, all these direct and indirect parasite-host interactions between invasive and 
native species may further increase the connectivity and complexity of food webs via the 
introduction of new nodes and links as demonstrated in Fig. 10.1. Thereby the introduction of 
invasive hosts and parasites to local ecosystems might affect entire communities. So far, marine 
food web studies which include invasive species and their co-introduced parasites to food webs 
are lacking (see Amundsen et al., 2013 for a freshwater food web study) and research directed to 
this area will provide interesting insights into the impacts of species invasion on the structure 
and dynamics of food webs and species interaction networks (see also Britton, 2013).  
Concluding remarks 
The work presented in this thesis demonstrates that only a single invasive species, exemplified 
by the Pacific oyster Crassostrea gigas, can be responsible for the establishment of various new 
and the modification of many existing parasite-host interactions in the introduced range (Fig. 
10.1). As parasite-host interactions represent only a small share of all species interactions, which 
generally also involve predator-prey, competitive and commensalistic relationships, the 
accumulative change in biotic interactions in native communities as the result of a single species 
invasion is likely substantial and complex. Furthermore, as coastal ecosystems are amongst the 
most heavily invaded ecosystems in the world (Grosholz, 2002), the continuous introduction of 
alien species is rather the rule than the exception. Considering the multitude of alien species 
which have been introduced to the Wadden Sea alone (at least 49; Buschbaum et al., 2012), the 
number of biotic interactions that have been added and altered since the introduction each of 
these species must be enormous, with each type of interaction resulting in ecological and 
evolutionary impacts for native marine communities in the Wadden Sea. To unravel the 
complexity of these changes and the resulting impacts is a daunting task, but efforts in this 
direction will give significant insights into the manifold roles of parasites in marine invasio ns, 
their effects on species interaction networks and into the general functioning of marine 
ecosystems under an increasing pressure of species invasions.  
I like to end this thesis with the notion that ecosystem change by human-aided 
introductions is not simply the addition of a new species to a community, but that these 
introductions are the start of complex and ongoing transformations of native interaction webs in 
invaded ecosystems. In this context, the present thesis demonstrated that the influence of 
invasive species on natural communities and ecosystems becomes even larger when parasite-
host interactions are included in the resulting species interaction webs. Thereby the initial 
ecosystem change initiated by human-aided introductions is the onset of a cascade of interaction 
changes through entire communities and ecosystems from the smallest to the largest level, also 
including coevolutionary dynamics and feedbacks, thus verifying the early observations of 
Heraclitus that the only constant in life is change.   
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Summary 
Human-aided introductions of species affect natural communities and ecosystems worldwide. 
These biological invasions can be considered to be ‘experiments in nature’ to study general 
ecological and evolutionary processes at large spatial and temporal scales. Studies on biological 
invasions have mostly been focussing on competitive or predatory interactions between invasive 
and resident species, and the resulting impacts on native communities. Much less known are the 
impacts of invasions on parasitism, the most common consumer strategy in the world. In this 
case, these ‘experiments in nature’ may involve the addition and loss of parasite and host species. 
Especially the loss of parasites in the process of an invasion has received increasing interest, as it 
has been hypothesized that such a loss of parasites may give invaders a potential competitive 
advantage over native species, contributing to their invasion success (enemy release hypothesis). 
However, recent developments in the fields of parasite ecology and invasion biology suggest 
additional ways of how invasive species can affect parasite-host interactions in invaded 
ecosystems beyond an initial parasite release. Yet, the complexity of these effects as the result of 
a single species invasion has not been investigated so far.  
In this thesis, I addressed this knowledge gap and investigated the manifold ways in which 
a single invader can affect parasite-host interactions in invaded ecosystems in one of the most 
prominent marine invaders in the world: the Pacific oyster Crassostrea gigas. This invasive 
species is now globally distributed after initial introductions for aquaculture purposes from its 
native range (East Asia) to the Pacific coast of North America, followed by secondary human-
aided introductions from this area to Europe and other continents. In the European Wadden Sea, 
the main study area of this thesis, the Pacific oyster became invasive via larval spread from oyster 
culture plots in the Dutch Delta and in the northern German Wadden Sea. Like in many other 
European coastal areas, the Pacific oyster now occurs in dense populations across the entire 
Wadden Sea and has transformed native blue mussel Mytilus edulis beds into complex oyster reef 
structures. In the Wadden Sea ecosystem, the Pacific oyster is associated with five invasive and 
native macroparasite species, providing a suitable model system to study the establishment of 
new and the alteration of existing parasite-host interactions as a result of species invasions. 
The overall objective of my thesis was to disentangle the various roles of invasive species 
in affecting parasite-host interactions in invaded ecosystems and to identify the resulting 
ecological impacts. I specifically aimed to I) provide a conceptual framework for the study of 
parasite-host interactions as a result of marine invasions (Chapter 2), II) identify the multiple 
roles of the invasive Pacific oyster (Crassostrea gigas) in parasite-host interactions in the Wadden 
Sea ecosystem (Chapters 3-6), and III) determine the resulting ecological implications of changes 
in parasite-host interactions mediated by Pacific oysters (Chapters 7-9). The thesis ends with a 
general discussion in which I place the results in a broader ecosystem context and provide 
suggestions for future research (Chapter 10).  
 
Part I - Marine invasions and parasites: a review 
In Chapter 2, I provided a conceptual framework of six mechanisms by which marine invasive 
species can affect parasite-host interactions in invaded ecosystems. To do so, I gave a 
comprehensive overview of what is currently known about the roles of invasive species in 
parasite-host interactions by reviewing conceptual developments and empirical evidence from 
the literature. Subsequently, I discussed the ecological and evolutionary implications for each of 
these mechanisms for the parasite and host species involved. The six mechanisms identified and 
discussed are the following:  
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1. Parasite release or reduction: Invasive species can leave all or some of their parasites 
behind in the native range, leading to potential competitive advantages of invaders over 
native species (enemy release hypothesis).  
2. Parasite spillback: Invasive species can act as new competent hosts for native parasite 
species, potentially amplifying the native parasite population, leading to increased 
infection levels in native host species. 
3. Introduction of free-living stages of parasites: Invasive species can be parasites themselves, 
which are introduced as free-living stages (mostly microparasites) in the introduced 
range, potentially infecting native host species. 
4. Parasite co-introduction with host: Invasive parasites can be co-introduced with their 
invasive host to the introduced range. 
5. Co-introductions of parasites and spillover to native hosts: Invasive parasites can be co-
introduced with their invasive host to the introduced range and subsequently spill over to 
native host species. 
6. Interference with parasite transmission: Invasive species can be non-competent hosts and 
interfere with the transmission of native parasites.  
 
Part II - Pacific oysters and parasite-host interactions  
In Chapter 3, I investigated the effects of the invasion of Pacific oysters (Crassostrea gigas) on the 
distribution and abundance of parasites in native mussel (Mytilus edulis) and invasive Pacific 
oyster hosts across the entire Wadden Sea. In this study, I used a hierarchical field sampling 
design with three spatial scales to determine the spatial distribution of parasites in both host 
species. Furthermore, I identified the most important environmental and biological drivers of 
infection levels using mixed models, demonstrating that spatial infection patterns and their 
drivers are host and parasite specific.  
In Chapter 4, I assessed the reliability of the morphological identification of two invasive 
parasitic copepods, Mytilicola orientalis and Mytilicola intestinalis, which play a potential role in 
three of the mechanisms identified in Chapter 2. These two parasite species have originally been 
described from different continents, but now co-occur in the same host species (blue mussels M. 
edulis) and at similar locations (the Wadden Sea and Dutch Delta), challenging the reliability of 
their identification. By using a multitude of morphological variables and multivariate statistics, I 
demonstrated that the invasion of both Mytilicola species in the Dutch Delta and Wadden Sea 
represents a case of ‘cryptic by invasion’, i.e. the two species are not reliably distinguishable by 
morphology in the invaded range, rendering them cryptic species (a phenomenon probably more 
common in species invasions than currently known). In the end of this chapter, I recommended 
guidelines for the identification of both parasite species when they co-occur in similar hosts and 
at similar locations.  
In Chapter 5, I used the recommendations provided in Chapter 4 to identify the role of the 
Pacific oyster in the co-introduction and spillover of M. orientalis and the spillback of M. 
intestinalis to native host species, which are two of the mechanisms which were identified in 
Chapter 2. To this end, I used a substantial field sampling of 11 different invasive and native 
mollusc species across the Dutch Delta and the Wadden Sea, and found evidence for spillover of 
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M. orientalis to three native bivalve species, but no evidence for spillback of M. intestinalis to 
native mussels via invasive Pacific oyster hosts.  
In Chapter 6, I introduced a new mechanism of how invasive ecosystem engineers, such 
as Pacific oysters, can affect parasite-host interactions. With a field experiment performed at both 
ends of the Wadden Sea, I demonstrated that invasive Pacific oysters can initiate trait-mediated 
indirect effects on parasite-host interactions via the habitat structure and complexity they 
provide. Native blue mussels use the complex structure created by the oysters as refuge from 
predators by migrating to the bottom of the oyster matrix and this behavioural change induced 
by the oysters in presence of predators results in mussels at the bottom and top of the matrix 
experiencing significantly different parasite infection levels. This study is the first to present 
evidence for an indirect modification in parasite-host interactions as a result of the physical 
structure of an invasive ecosystem engineer.  
 
Part III - Ecological implications 
In Chapter 7, I focused on the newly established parasite-host relationship of the invasive 
copepod Mytilicola orientalis and the native blue mussel Mytilus edulis. By breeding parasite 
larvae in the laboratory and executing controlled infections, the effects of the invasive parasite on 
its new blue mussel host were experimentally investigated. While the condition of the mussels 
was significantly reduced, mussel clearance rates and growth were not affected by the parasite. 
With this study, I demonstrated that controlled experimental infections with M. orientalis can be 
used to study the effects of the parasite on native and invasive host species.  
In Chapter 8, I investigated the mechanism behind the reduced condition of native blue 
mussels as a result of M. orientalis infections (Chapter 7). I used stable isotope analyses to identify 
the trophic relationship of M. orientalis and its new native mussel host. The measured trophic 
enrichment of the parasite compared to its host species, indicated that the parasite is feeding on 
host tissue. Furthermore, with isotope mixing models I was able to show that mussel food sources 
(phytoplankton and microphytobenthos) could also contribute to the parasite’s diet, indicating 
that the invasive M. orientalis has probably a parasitic as well as a commensalistic relationship 
with its new native mussel host.  
Chapter 9 explored whether the trophic enrichment found in Chapter 8 is a general 
pattern in parasite-host relationships. Based on a large data set compiled from the published 
literature on stable isotope measurements across many parasite and host taxa, a phylogenetic 
comparative analysis found no general pattern in trophic enrichment or depletion of parasites in 
nitrogen or carbon isotopes compared to their host species. This result suggests that parasite-
host interactions in general may not fit well into the conservative stable isotope framework with 
standardized trophic fractionation factors and calls for developing an appropriate framework for 
parasitic trophic interactions.  
 
General discussion 
In Chapter 10, I presented an overview of the seven possible ways in which invasive species can 
affect parasite-host interactions in invaded ecosystems that I identified in Chapters 2 and 6. 
Following this, I showed that all seven mechanisms also play a role in the invasion of Pacific 
oysters and I discussed the results of my thesis in this respect. In addition, I provided a literature 
review for the mechanism of parasite release, indicating that at least five parasite species were 
lost during the course of the invasion which may have facilitated the initial spread of the Pacific 
oyster. Literature sources were also used to include microparasite species (e.g. bacteria, viruses 
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and protozoans) into the summary of the seven mechanisms for Pacific oysters. Overall, this 
summary shows that the introduction of the Pacific oyster to the Wadden Sea (and elsewhere 
such as the Dutch Delta) has resulted in complex changes in the parasite-host interaction web in 
the invaded ecosystem, involving both invasive and native host and parasite species. Hence, the 
seven mechanisms discussed above can occur simultaneously during the invasion of a single 
species.  
However, the large-scale field study I conducted (Chapter 3) suggests that the parasite-
host interaction webs which result from these complex interactions will differ across the 
ecosystem depending on local environments, as strong spatial heterogeneity in the distribution 
and abundance of parasites infecting mussel and oyster hosts were observed across the Wadden 
Sea. Local environments obviously influence local parasite-host webs, resulting in a diversity of 
different local webs across an ecosystem. These local interaction webs can differ in the general 
species (parasites and host) composition and interaction architecture, but also in the strength of 
specific interactions between parasites and host species.  
This variation in parasite-host interaction webs across the invaded ecosystem will also 
result in different impacts on host species and local communities across the ecosystem. This 
compromises a general assessment of ecological and evolutionary impacts at the ecosystem scale. 
However, it is possible to assess the impact on smaller scales based on the condition that the local 
presence and abundance of parasite and host species is known. Regarding local impact 
assessments in the Wadden Sea, parasite-host interactions involving macroparasites will mostly 
impact native host species (in particular blue mussels M. edulis), while interactions including the 
more virulent microparasites will mostly affect invasive Pacific oysters themselves.   
While this thesis contributed to efforts to disentangle the complex effects of marine 
invasive species on parasite-host interactions in invaded communities, there are still many open 
questions for future research. In the studies presented in this thesis, I focussed particularly on 
the mechanisms which link invaders with native species via parasite-host interactions. However, 
interaction webs including these parasite-host interactions are still simplified versions of more 
realistic interaction webs, as other species interactions involving parasites and their hosts also 
exist such as parasite-parasite interactions and parasite-mediated indirect interactions. 
Furthermore, all these direct and indirect parasite-host interactions between invasive and native 
species may affect the structure and dynamics of food webs via the introduction of new nodes 
and links.  
In conclusion, the work presented in this thesis demonstrates that only a single invasive 
species, exemplified by the Pacific oyster Crassostrea gigas, can be responsible for the 
establishment of various new and the modification of many existing parasite-host interactions in 
invaded ecosystems. Considering the multitude of alien species which have been introduced to 
the Wadden Sea alone (at least 49 species), the number of biotic interactions that have been 
added and altered since the introduction of each of these species must be enormous, with each 
type of interaction resulting in ecological and evolutionary impacts for native marine 
communities. To unravel the complexity of these changes and the resulting impacts is a daunting 
task, but efforts in this direction will give significant insights into the manifold roles of parasites 
in marine invasions, their effects on species interaction networks and into the general functioning 
of marine ecosystems under an increasing pressure of species invasions.  
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Samenvatting 
Uitheemse soorten die door menselijk handelen worden geïntroduceerd in nieuwe ecosystemen 
vormen een wereldwijde bedreiging voor natuurlijke levensgemeenschappen. Deze biologische 
invasies kan men gebruiken als ‘natuurlijke experimenten’, waarin ecologische en evolutionaire 
processen op een brede ruimtelijke schaal en over langere tijdsperiodes bestudeerd kunnen 
worden. Deze invasiestudies richten zich met name op predator-prooi relaties en competitieve 
interacties tussen invasieve en inheemse soorten en op de effecten van invasies op inheemse 
levensgemeenschappen. Voor het parasitisme, de meest voorkomende levensstrategie ter 
wereld, zijn de effecten van biologische invasies veel minder bekend. Ook binnen het parasitisme 
kunnen biologische invasies als natuurlijke experimenten worden gebruikt om bijvoorbeeld het 
effect van invasieve parasieten- en gastheersoorten op inheemse levensgemeenschappen te 
bestuderen. Het verschijnsel dat gastheren tijdens het invasieproces hun parasieten kunnen 
verliezen heeft in de literatuur bijzonder veel aandacht gekregen. Volgens de populaire verlies-
van-vijand hypothese zijn invasieve gastheren zonder parasieten competitief sterker dan 
inheemse soorten die wel met hun parasieten moeten leven.  Daarom kan het verlies van 
parasieten mogelijk bijdragen aan het succes van een invasieve soort. Sinds kort zijn er echter 
nieuwe ontwikkelingen binnen de onderzoeksvelden van de invasiebiologie en 
parasietenecologie en zijn er andere manieren ontdekt waarop invasieve soorten parasitaire 
relaties kunnen beïnvloeden. Tot dusver zijn al deze manieren echter nog nooit tegelijk 
bestudeerd voor een een enkele invasieve soort. 
In dit proefschrift speel ik in op deze kenniskloof. Ik onderzocht de talrijke manieren 
waarop een enkele invasieve soort, de Japanse oester Crasssostrea gigas, parasitaire interacties 
in geïnvadeerde ecosystemen kan beïnvloeden. Deze invasieve soort heeft zich eerst vanuit Oost-
Azië (het oorspronkelijke verspreidingsgebied) verspreid naar Noord-Amerika, waarna 
secundaire introducties volgden naar Europa en andere continenten. In de Europese Waddenzee, 
het belangrijkste onderzoeksgebied in dit proefschrift, vestigde de Japanse oester zich na een 
natuurlijke spreiding van oesterlarven vanuit oesterkwekerijen in Zeeland en de Noord-Duitse 
Waddenzee. Zoals in vele andere Europese kustgebieden komt de Japanse oester nu in grote 
dichtheden in de hele Waddenzee voor en zijn mosselbedden van de inheemse mossel Mytilus 
edulis getransformeerd tot complexe oesterriffen.  In de Waddenzee wordt de Japanse oester met 
vijf macroparasieten geassocieerd, waarvan twee invasieve en drie inheemse parasietensoorten. 
Dit maakt de oesterinvasie in de Waddenzee tot een geschikt modelsysteem om de ontwikkeling 
van parasitaire relaties als resultaat van een enkele biologische invasie te bestuderen.   
Het doel van mijn proefschrift was om de verschillende rollen van invasieve soorten in 
parasitaire interacties in geïnvadeerde ecosystemen te ontrafelen en om de daaropvolgende 
ecologische effecten te identificeren. Mijn specifieke doelen waren om I) een conceptueel kader 
te ontwikkelen om parasitaire interacties als gevolg van mariene invasies te bestuderen 
(Hoofdstuk 2), II) de diverse rollen van de Japanse oester (Crassostrea gigas) in parasitaire 
interacties in de Waddenzee te onderzoeken (Hoofdstuk 3-6), en III) de resulterende ecologische 
implicaties voor het Waddenzee-ecosysteem in kaart te brengen (Hoofdsuk 7-9). Het proefschrift 
eindigde met een algemene discussie waarin ik de resultaten in de bredere context van het 
ecosysteem beschreef en suggesties deed voor verder onderzoek (Hoofdstuk 10).   
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Deel I - Mariene invasies en parasieten: een overzicht  
In Hoofdstuk 2 liet ik een conceptueel kader zien van zes manieren waarop invasieve soorten 
parasitaire interacties in geïnvadeerde mariene ecosystemen kunnen beïnvloeden. Daarvoor gaf 
ik een uitgebreid overzicht van alles wat tot nog toe bekend is over de rollen van invasieve 
soorten in parasitaire interacties. Dit betreft zowel de conceptuele ontwikkelingen als de 
empirische bewijzen die beschreven staan in de literatuur. Vervolgens bediscussieerde ik de 
ecologische en evolutionaire implicaties van elk van deze zes mechanismes voor de betrokken 
parasiet- en gastheersoorten. De volgende zes mechanismes zijn in Hoofdstuk 2 geïdentificeerd 
en bediscussieerd: 
 
1. Verlies of vermindering van parasieten: Invasieve soorten kunnen alle of sommige van hun 
eigen parasieten achterlaten in het oorspronkelijke verspreidingsgebied, wat kan leiden 
tot een competitief voordeel van invasieve ten opzichte van inheemse soorten in het 
geïnvadeerde ecosysteem (verlies-van-vijand hypothese).   
2. Parasieten-terugstroom: Invasieve soorten kunnen geschikte gastheren zijn voor inheemse 
parasieten, wat kan leiden tot een uitbreiding van de inheemse parasietenpopulatie en 
vervolgens tot een verhoogde infectiegraad voor inheemse gastheersoorten. 
3. Introductie van vrijlevende parasitaire stadia: Invasieve soorten kunnen zelf parasieten zijn 
die worden geïntroduceerd in een vrijlevend stadium (d.w.z. zonder gebruik van de 
gastheer, meestal microparasieten) en dan inheemse gastheren kunnen infecteren. 
4. Co-introductie van parasieten met hun gastheer: Invasieve parasieten kunnen samen met 
hun invasieve gastheer worden geïntroduceerd.  
5. Co-introductie van parasieten en overstroom naar inheemse gastheren:  Invasieve parasieten 
kunnen samen met hun invasieve gastheer worden geïntroduceerd en vervolgens 
overstromen door inheemse gastheersoorten te infecteren. 
6. Verhindering van parasitaire transmissie: Invasieve soorten kunnen als ongeschikte 
gastheren de transmissie van inheemse parasieten van de ene naar de andere inheemse 
gastheer verminderen. 
 
Deel II – Japanse oesters en parasiet-gastheer-interacties  
In Hoofdstuk 3 bestudeerde ik de effecten van de oesterinvasie in de Waddenzee op de 
verspreiding en dichtheden van parasieten in de inheemse gastheer, de mossel (Mytilus edulis), 
en de invasieve gastheer, de Japanse oester (Crassostrea gigas). In deze studie maakte ik gebruik 
van een hiërarchisch veldbemonsteringsschema op drie ruimtelijke schalen om de spreiding van 
parasieten in beide gastheersoorten te bepalen.  Verder gebruikte ik gemengde statistische 
modellen om te identificeren welke onderliggende biologische en milieufactoren de belangrijkste 
invloed hebben op infectiegraden. Uiteindelijk liet ik zien dat de ruimtelijke spreiding van 
infecties en de onderliggende verklarende factoren specifiek zijn voor elke parasiet- en 
gastheersoort.  
In Hoofdstuk 4 onderzocht ik de betrouwbaarheid van de morfologische identificatie van 
twee invasieve parasitaire roeipootkreeftjes (copepoden), Mytilicola orientalis en Mytilicola 
intestinalis, die een belangrijke rol spelen in drie van de mechanismes die ik heb geïdentificeerd 
in Hoofdstuk 2. Deze twee parasietensoorten zijn van oorsprong beschreven op twee 
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verschillende continenten, maar komen nu samen in dezelfde gastheersoort (de mossel M. edulis) 
en op dezelfde locaties (de Waddenzee en Zeeland) voor, wat de identificatie van beide soorten 
bemoeilijkt. Door meerdere morfologische variabelen en multivariate statistiek te gebruiken, liet 
ik zien dat de invasie van beide Mytilicola soorten in Zeeland en in de Waddenzee een geval is van 
‘cryptisch-door-invasie’. Dat wil zeggen dat de twee soorten in het geïnvadeerde gebied niet 
betrouwbaar van elkaar onderscheiden kunnen worden op basis van morfologie, waardoor ze als 
cryptische soorten geïnterpreteerd kunnen worden (een fenomeen dat waarschijnlijk vaker 
voorkomt na soorteninvasies dan tot nu toe bekend is). Aan het eind van dit hoofdstuk doe ik 
aanbevelingen voor de identificatie van beide parasietensoorten wanneer deze samen in dezelfde 
gastheren en op dezelfde locaties voorkomen.  
In Hoofdstuk 5 gebruikte ik de aanbevelingen van Hoofdstuk 4 om de rol van de Japanse 
oester in zowel de co-introductie en parasitaire overstroom van M. orientalis, als de parasitaire 
terugstroom van M. intestinalis naar inheemse gastheersoorten te bepalen; twee mechanismes 
die eerder zijn geïdentificeerd in Hoofdstuk 2. Hiervoor gebruikte ik een uitgebreide 
veldbemonstering van 11 verschillende invasieve en inheemse weekdiersoorten in Zeeland en in 
de Waddenzee. De invasieve parasiet M. orientalis, die samen met de Japanse oester is 
geïntroduceerd, heb ik gevonden in drie inheemse schelpdiersoorten in de Waddenzee, wat een 
bewijs vormt voor het mechanisme van co-introductie en parasitaire overstroom. De parasiet M. 
intestinalis, die tot nu toe alleen in mosselen is gevonden, vond ik in deze studie niet in de Japanse 
oester. Er was dus geen bewijs voor parasitaire terugstroom van M. intestinalis naar inheemse 
mosselen via invasieve Japanse oesters.  
In Hoofdstuk 6 introduceerde ik een zevende, nieuw mechanisme waarop invasieve 
biobouwers, zoals Japanse oesters, parasitaire interacties kunnen beïnvloeden. Met een 
veldexperiment dat is uitgevoerd aan beide uiteinden van de Waddenzee, liet ik zien dat invasieve 
Japanse oesters via hun complexe habitatstructuur indirecte effecten kunnen uitoefenen op 
parasitaire interacties. Inheemse mosselen gebruiken de complexe structuur van oesterriffen als 
schuilplaats voor predatoren. De oester en de aanwezigheid van predatoren veroorzaken dus een 
gedragsverandering in mosselen, die zich naar de bodem en naar de bovenkant van de 
oestermatrix bewegen waar ze verschillende infectiegraden ervaren.  Deze studie levert het 
eerste bewijs dat de fysieke structuur van een invasieve biobouwer indirect parasitaire 
interacties kan beïnvloeden.   
 
Deel III – Ecologische implicaties  
In Hoofdstuk 7 richtte ik me op de nieuwe parasitaire relatie tussen de invasieve copepode 
Mytilicola orientalis en de inheemse mossel Mytilus edulis. Door parasietenlarven te kweken in 
het laboratorium en mosselen gecontroleerd te infecteren, kon ik de effecten van de invasieve 
parasiet op zijn nieuwe gastheer (de mossel) onderzoeken. Terwijl de conditie van mosselen 
significant afnam door infecties met M. orientalis, werden de filtratiesterkte en de groei van 
mosselen niet beïnvloed door de parasiet. Met deze studie heb ik bewezen dat gecontroleerde 
experimentele infecties met M. orientalis gebruikt kunnen worden om de effecten van de parasiet 
op inheemse en invasieve gastheersoorten te bestuderen.  
In Hoofdstuk 8 onderzocht ik het mechanisme achter de afgenomen conditie van inheemse 
mosselen als resultaat van M. orientalis-infecties (Hoofdstuk 7). Ik gebruikte een stabiele-
isotopen-analyse om de trofische relatie tussen M. orientalis en zijn nieuwe gastheer, de inheemse 
mossel, te bestuderen. De gemeten trofische verrijking van de parasiet in vergelijking met zijn 
gastheer bevestigt dat de parasiet zich voedt met gastheerweefsel. Verder kon ik met gemengde-
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isotopen-modellen laten zien dat voedingsbronnen van de mossel (fytoplankton en 
microfytobenthos) ook kunnen bijdragen aan het dieet van de parasiet. Deze resultaten tonen aan 
dat de invasieve parasiet M. orientalis waarschijnlijk zowel een parasitaire als een 
commensalistische relatie heeft met zijn nieuwe gastheer. 
In Hoofdstuk 9 onderzocht ik of de trofische verrijking, die werd gevonden in Hoofdstuk 
8, een algemeen patroon is in parasitaire relaties. Op basis van gepubliceerde literatuur over 
gemeten stabiele isotopen waarden van vele parasiet- en gastheertaxa is eerst een uitgebreide 
dataset opgesteld. Met een fylogenetische analyse werd vervolgens geen algemeen patroon  
gevonden in trofische verrijking of verarming in stikstof- en koolstofisotopen van parasieten in 
vergelijking met hun gastheren. Dit resultaat suggereert dat de conservatieve stabiele isotopen 
analyse, die in het verleden vaak gebruikt is om predator-prooi relaties te ontrafelen, niet 
geschikt is voor het analyseren van parasiet-gastheer-relaties. Het resultaat van dit onderzoek 
nodigt uit tot de ontwikkeling van een nieuw, algemeen kader voor de analyse van parasitaire 
trofische interacties. 
 
 
Algemene discussie 
In Hoofdstuk 10 presenteerde ik een overzicht van alle zeven mogelijke manieren (benoemd in de 
Hoofdstukken 2 en 6) waarop invasieve soorten parasitaire interacties in geïnvadeerde 
ecosystemen kunnen beïnvloeden. Vervolgens liet ik zien dat alle zeven mechanismes ook een rol 
spelen in de invasie van de Japanse oester in de Waddenzee en bediscussieerde ik de daarbij 
behorende resultaten uit mijn proefschrift. Verder gaf ik een literatuuroverzicht van het 
mechanisme van ‘verlies van parasieten’ en identificeerde ik vijf parasietensoorten die de oester 
heeft verloren gedurende het invasieproces, wat mogelijk heeft bijgedragen tot de initiële 
verspreiding van de oester. Daarnaast zijn literatuurbronnen gebruikt om 
microparasietensoorten (zoals bacteriën, virussen en protozoa) op te nemen in de samenvatting 
van de zeven mechanismes voor Japanse oesters. In het algemeen laat de samenvatting zien dat 
de introductie van de Japanse oester in de Waddenzee (en ook elders zoals in Zeeland) heeft 
gezorgd voor een scala aan complexe veranderingen in parasitaire interactiewebben, waar zowel 
invasieve als inheemse parasiet- en gastheersoorten bij betrokken zijn. Gedurende de invasie van 
een enkele soort kunnen daarom alle zeven bediscussieerde mechanismes tegelijk voorkomen.  
Uit de grootschalige veldstudie die ik heb uitgevoerd (Hoofdstuk 3) blijkt echter dat deze 
parasitaire interactiewebben van elkaar verschillen binnen een ecosysteem. In de Waddenzee 
zorgen invloeden van het lokale milieu voor een sterke ruimtelijke spreiding in de dichtheid van 
parasieten in gastheren (mosselen en oesters), waardoor een verscheidenheid aan lokale 
interactiewebben wordt gecreëerd.  Deze lokale interactiewebben kunnen verschillen in 
structuur (soortensamenstelling van parasieten en gastheren) en vorm (de aanwezigheid van 
interacties), maar ook in de sterkte van specifieke interacties tussen parasiet- en gastheersoorten.  
De variatie aan parasitaire interactiewebben in een geïnvadeerd ecosysteem zal ook 
zorgen voor een variëteit aan effecten op gastheren en lokale levensgemeenschappen. Dit 
belemmert een algemene evaluatie van ecologische en evolutionaire implicaties op de schaal van 
het ecosysteem. Het is wel mogelijk om de implicaties op kleinere schaal te evalueren, maar alleen 
op de voorwaarde dat de lokale dichtheden van parasiet- en gastheersoorten bekend zijn. 
Uitgaande van lokale evaluaties in de Waddenzee, zullen parasitaire interacties met 
macroparasieten vooral inheemse gastheren negatief beïnvloeden (in het bijzonder de mossel M. 
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edulis), terwijl interacties met de meer virulente microparasieten vooral de invasieve Japanse 
oester zullen treffen.  
Dit proefschrift heeft bijgedragen aan het ontrafelen van de complexe effecten van 
mariene invasieve soorten op parasitaire interacties in geïnvadeerde levensgemeenschappen. Er 
zijn echter nog steeds veel open vragen voor verder onderzoek. In de studies in dit proefschrift 
heb ik me in het bijzonder gericht op de mechanismes die invasieve met de inheemse soorten 
verbinden via parasitaire interacties. Toch zijn de interactiewebben met deze verbindingen nog 
versimpelde versies van de werkelijkheid, omdat er nog andere interacties tussen parasieten en 
gastheren bestaan, zoals bijvoorbeeld interacties tussen parasieten en indirecte parasitaire 
interacties. Al deze interacties tussen invasieve en inheemse soorten kunnen de structuur 
(soortensamenstelling) en vorm (aanwezigheid van interacties) van interactiewebben verder 
beïnvloeden door middel van de introductie van nieuwe knopen en schakels. 
Concluderend laat het werk in dit proefschrift zien dat zelfs een enkele invasieve soort, 
geïllustreerd door de Japanse oester Crassostrea gigas, al verantwoordelijk kan zijn voor het 
vormen van verscheidene nieuwe en het veranderen van vele bestaande parasitaire interacties 
in geïnvadeerde ecosystemen. Gezien de grote hoeveelheid exoten die alleen al in de Waddenzee 
geïntroduceerd zijn (tenminste 49 soorten), moet het aantal biotische interacties die zijn 
toegevoegd en/of veranderd groot zijn geweest, waarbij elke type interactie mogelijk kan leiden 
tot ecologische en evolutionaire effecten voor inheemse mariene levensgemeenschappen. Het is 
een uitdagende taak om deze complexiteit aan veranderingen en de implicaties voor mariene 
ecosystemen in kaart te brengen. Toch zullen toekomstige studies in deze richting belangrijke 
inzichten geven in de rol van invasieve soorten in soorteninteracties, die mariene ecosystemen 
onder toenemende druk van biologische invasies zullen beïnvloeden.  
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